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FOREWORD 

Thi s  r e p o r t  desc r ibes  t h e  experimental  and a n a l y t i c a l  i n v e s t i g a t i o n s  

of t h e  pa thophys io logica l  responses  t o  t a i lward  a c t i n g  impact a c c e l e r a t i o n s  

(-G 1 performed f o r  NASA Manned Spacecraf t  Center  under Cont rac t  NAS 9-4539. 
M r .  H. F. Scherer  se rved  as Technical  l4onitor f o r  NASA. 

z 

The o b j e c t i v e  of t h e  work r epor t ed  h e r e i n  was  t o  develop, us ing  small  

animal experimental  d a t a ,  a t h e o r e t i c a l  model of t h e  mechanisms of  i n j u r y  

t o  t h e  h e a r t  and g r e a t  v e s s e l s  o f  s u b j e c t s  exposed t o  -G impact forces .  

The u l t i m a t e  goa l  of t h i s  program is  t o  r e f i n e  t h e  c u r r e n t  model through 

experiments w i th  l a r g e r  animals ,  so t h a t  i t  may be app l i ed  t o  a c c u r a t e  

p r e d i c t i o n  of human impact response.  

z 

This  s tudy  w a s  performed by Northrop Space Labora to r i e s ,  Hawthorne, 

Ca l i fo rn ia .  D r .  C. F. Lombard served  as Program Manager. Con t r ibu t ions  

t o  t h i s  program were made by Mssrs. J. Beattie, J. Fe lde r ,  R. Hubbard, 

J. Schuess le r ,  G. Branch, H. B e l l ,  K. Dart, G. P c t t e r ,  E. Nez, A. DtAquila, 

and T. Buser. 

A l l  animal r e sea rch  accomplish 2d i n  t h e  performance o f  t h i s  c o n t r a c t  

was conducted according t o  t h e  Nat iona l  Soc ie ty  f o r  Medical Research 

" P r i n c i p l e s  of Laboratory Animal Care." 

Th i s  r e p o r t  i s  ca ta loged  by Northrop Space Labora tor ies  as document 

number NSL 65-179. 
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SECTION 1.0 

INTRODUCTION 

Tolerance and s u r v i v a l  l imits of t h e  human t o  impact accelerations have 

increased  i n  importance i n  t h e  ope ra t ion  of space v e h i c l e s  and f o r  emergency 

s u r v i v a l  i n  a l l  manned veh ic l e s .  

"ouch f a c t o r , "  ha *e been e s t a b l i s h e d  f o r  a l l  p r a c t i c a l  orientat . . tons of t h e  

body t o  t h e  a c c e l e r a t i v e  f o r c e  as shown by Crown ( 1) and Stapp ( 2  1 . 
lack of o b j e c t i v e  f i n d i n g s ,  except  f o r  t r a n s i e n t  bradycard ia  noted when t h e  

Tolerance l i m i t s ,  us ing  t h e  s u b j e c t i v e  

The 

t h e  o r i e n t a t i o n  i s  such t h a t  t h e  impact f o r c e  h a s  a t a i lward  component, 

i n d i c a t e s  t h a t  t h e  ma jo r i ty  of t h e  t o l e r a n c e  l i m i t s  are probably r e l a t e d  t o  

mechanical d i s t o r t i o n  of t h e  body which can be minimized by improved con ta in -  

ment. 

wi th  t h e  onse t  and magnitude of t h e  -GZ impact (1) and could be an i n d i c a t o r  

of p o t e n t i a l  i n j u r y  t o  t h e  h e a r t  o r  g r e a t  v e s s e l s ,  

shown t o  be abol i shed  by blocking t h e  a c t i o n  of t h e  vagus by t h e  use of 

a t r o p i n e  ( 3 ) .  Fear  of r u p t u r e  of blood v e s s e l s  i n  t h e  ches t  o r  b r a i n ,  and 

t h e  gene ra l  discomfort  which i s  produced by a s t rong  vagal  s t i m u l a t i o n  could 

be f a c t o r s  which would cause  a human test s u b j e c t  t o  reach  a voluntary  l i m i t  

t o  -G impact a t  a r e l a t i v e l y  low exposure l eve l .  Thus two f a c t o r s  are 

p resen t  which may lead t o  l o w  s u b j e c t i v e  ( t o l e r a n c e )  l i m i t s  t o  -GZ impact. 

Li.mited experiments u s ing  animal s u b j e c t s  have shown t h a t  t h e  s u r v i v a l  l i m i t  

i n  t h e  -GZ o r i e n t a t i o n  i s  lower than  i n  t h e  o t h e r  o r i e n t a t i o n s  ( 4 ) .  
a comparison of r a t i o s  of no i n j u r y  l e v e l  t o  s u r v i v a l  l i m i t  i n  animals  

i n d i c a t e s  t h a t  t h e  t o l e r a n c e  l e v e l  of t h e  human should be h ighe r  then  

p resen t ly  accepted,  

However, b radycard ia  was noted t o  i n c r e a s e  i n  d u r a t i o n  and magnitude 

Bradycardia has  been 

z 

However, 

Perhaps t h e  t r u e  t o l e r a n c e  l e v e l  of t h e  human i s  h ighe r  

and, d i s r ega rd ing  the  " f e a r  leve l1# ,  can be e s t a b l i s h e d  f o r  an emergency 

s i t u a t i o n  i n  space v e h i c l e  opera t ions ,  

needed on t h e  mechanisms which cause i n j u r y  and produce phys io log ica l  

responses.  

e s t a b l i s h  t h e  p r e i n j u r y  l i m i t s .  

To do t h i s ,  a d d i t i o n a l  in format ion  i s  

T h i s  information can be used i n  formula t ing  o b j e c t i v e  cri teria to  

Sirice t h e  d i r e c t  approach us ing  human test  s u b j e c t s  can not  be employed, 

and s i n c e  d a t a  from a c c i d e n t a l  exposures t o  -Gz impact i s  inadequate ,  i t  i s  

1 



necessary to employ the indirect method to establish realistic human 
emergency impact limits for tailward acting forces (-GZ). The approach 

selected was to develop a theoretical analog of the mechanisms of injury 
to the heart and great vessels of humans subjected to -G  

degree that it can be used to estimate possible impact injury levels. This 
analog would utilize anatomical and objective physiological data derived from 
human test subjects at low -G impact leva1 exposures to predict the minor 
and major injury levels. 

impact to the 
2 

Z 

To develop this analog, a program is required in which (a) br L~ the 
physiological responses and the pathological findings of animal subjects 
exposed to -G impact are established for the variablea of the impact 
profiles (rate of onsat, peak level of G ,  and duration), (b) the significance 
of both size and species of animal subjects in relation to the physiological 
responses and the pathological findings is determined, (c) the tissue strength 
characteristics of the great vessels of the animals and the human are obtain- 

ed, (d) the theoretical analog is developed, based on information from 
several species of small animals, (e) the model is verified using large 
animals (i.e,, bears or chimpanzees), and (f) the model is refined so that 
it can be applied to man to predict at least the minor impact injury level. 
To accomplish these objectives, and to facilitate planning, the overall 
program tasks were grouped into phases as follows: 

Z 

Phase I Conduct small animal studies or experiments 
Phase I1 Develop a theoretical analog of the mechanisms of injury 
Phase I11 Verify the analog using large animals 
Phase IV Refine the model so that it can be appl-ed to man 

Phases I and I1 when accomplished would indicate t'e feasibility of the 
approach, thereby permitting planning for the additional Phases I11 and IV, 
if indicated. Consequently these two phases were performed first and 
constitute the program reported herein. 

1.1 PHASE I - SMALL ANIMAL STUDIES 

A series of  -GZ impact tests were conducted using one pound male guinea 
pigs as test subjects. 
responses (survival, ECG, and gross  pathology) to -G,  impact stress, The 
profile of the impact accelerption (deceleration) was varied with respect 

The purpose cf this series was to explore major 

2 



t o  rate of onse t  and peak G ,  commensurate wi th  v e l o c i t y  chcnges of 20, 40, 
and 60 f t / s e c .  Onset rates used were 5,  10 and 20 thousand G/sec wi th  thc 

peak G of 20, 40, 6 0 ,  etc. ,  up t o  t h a t  r equ i r ed  to  g ive  approximately 50% 

m o r t a l i t y ,  where p o s s i b l e  wi th in  t h e  energy envelops. Before,  during,  an4 

f o r  s e v e r a l  minutes fo l lowing  t h e  impact exposure,  a modified ECG was 

obtained.  Thi r ty-one  of t h e  70 s u b j e c t s  impacted a t  a v e l o c i t y  change of 

40 f t / s e c  were re-exposed t o  provide a d d i t i o n a l  d a t a  on ECG and su rv iva l .  

Gross pa tho log ica l  examinations were conducted on non-survivors  and a l s o  

su rv ivo r s  a f t e r  eu thanas ia  wi th  sodium p e n t o b a r b i t a l ;  p a r t i c u l a r  a t t e n t i o n  

was g iven  t o  t h e  h e a r t  and g r e a t  ves se l s .  A l t e r a t i o n s  i n  t h e  EC6 and t h e  

g r o s s  pathology incur red  were t abu la t ed  and c o r r e l a t e d  wi th  t h e  v a r i a b l e s  

of t h e  f o r c i n g  func t ion .  

Following t h e  guinea p i g  e rper iments ,  a series of -G impact tests were z 
conducted us ing  10 t o  13 pound young a d u l t  male monkeys (Macaca spec iosa )  

as test subjec ts .  The p r o f i l e  of t h e  impact was va r i ed  p r imar i ly  to  g i v e  

a d e s i r e d  peak G wi th  v e l o c i t y  changes of 20, 40, and 60 f t / sec  and t o  enable  

s tudy of t h e  c o r r e l a t i o n  between t h e  degrees  of bradycard ia  and t h e  l e v e l s  

of impact. 

l e v e l s  were exposed only  once before  being eu thanised  and necropsied f o r  g r o s s  

pa tho log ica l  f i nd ings .  

t h e  h e a r t  and g r e a t  v e s s e l s  (which d i d  not  r u p t u r e  as p red ic t ed ) .  T h i s  a l t e r e d  

t h e  orig!.nal p lan  of determining t h e  p re s su re  and G l e v e l  a t  which r u p t u r e  

of t h e  g r e a t  v e s s e l s  would occur. 

determine t h e  p re s su re  d i f f e r e n t i a l  a c r o s s  t h e  a o r t i c  a r c h  and t h e  tho rax  

dur ing  t h e  -GZ Lmpact. 

of t h e  monkey were obta ined  from l i t e r a t u r e  and o t h e r  p r o j e c t s .  

mechanical and phys io log ica l  mechanisms which cause t h e  bradycard ia  were 
s tud ied  i n  t h e  labora tory  and throurh  a n  e x t e n s i v e  literature survey. 

r e s u l t s  of t h e s e  experiments and s t u d i e s  were most encouraging agd provided 

a sound b a s i s  f o r  t h e  Phase I1 development of a t h e o r e t i c a l  analog of t h e  

mechanisms of in jury .  

Some animals  had repea ted  exposures  wh i l e  so.ne a t  t h e  h ighe r  

P a r t i c u l a r  a t t e n t i o n  was given t o  t h e  i n j u r i e s  of 

Experiments were, t h e r e f o r e ,  conducted t o  

T i s sue  s t r e n g t h  c h a r a c t e r i s t i c s  of t h e  g r e a t  v e s s e l s  

The 

The 

1.2 PHASE I1 - DEVELOPMENT OF THEORETICAL ANALOG OF THE MECHANISMS 01.’’ INJURY 

The results of t h e  small animal s t u d i e s  i n  Phase I,  and t h e  a d d i t i o n a l  

information gathered from t h e  literature surveys  and o t h e r  p r o j e c t s  provided 

3 



b a s i c  d G a  f o r  t h e  development 

p e r t i n e n t  pa tho log ica l  in format ion  wMle t h e  mcnkeys provided more u s e f u l  

t,ity;i.olegical response da t a .  

made i . r idicsting the feasibility of usLng s t h e o r e t i c a l  ana log  t o  p r e d i c t  

t o l e rance  and i n j u r y  l e v e l s  of humans trj exposure of -G 

impact. 

v e r i f y  and r e f i n e  t h e  ana log  SO t h a t  it can be app l i ed  t o  man. 

t h e  analog. The guinea p i g  s t u d i e s  provided 

A s  wili he siztlw;~, d e f i n i t e  p rogres s  has  been 

(tailward a c t i n g )  z 
T h i s  w i l l  permit  tl.e planning of Phases 111 and ZV r equ i r ed  to  

4 



'SECTION 2.0 

APPARATUS AND PROCEDURE 

2 . 1 DECEIERATORS 

A h o r i z o n t a l  d e c e l e r a t o r  and a v e r t i c a l  d e c e l e r a t o r  were used f o r  t h e  

guinea p i g  and monkey experiments.  Thr impact series r e q u i r i n g  a v e l o c i t y  

change of 20 f t / s e c  o r  40 f t /sec were conducted on a h o r i z o n t a l  d e c e l e r a t o r  

whi le  those  r e q u i r i n g  a v e l o c i t y  change of 60 f t /sec were conducted on a 
v e r t i c a l  dece le ra to r .  

2.1.1 Hor izonta l  Dece le ra to r  

The h o r i z o n t a l  decelerator used i n  t h e s e  experiments i s  e s s e n t i a l l y  

t h e  same as repor t ed  by Lombard (4, 5, 6 )  w i t h  some modif ica t ions  t o  upgrade 

performance. The d e c e l e r a t o r  (F igu re  1) c o n s i s t s  b a s i c a l l y  of a support  

and r e s t r a i n t  system ( S A R S )  f o r  holding t h e  animal ,  a s l e d  assembly w i t h  

means f o r  mounting t h e  SARS, a t r a c k  upon which t h e  s l e d  runs ,  a 3/4- inch 

diameter bungee cord t o  accelerate t h e  s l e d ,  and a 20-ton conc re t e  a n v i l  upon 

which t h e  aluminum honeycomb t o  be impacted by t h e  s l e d ,  as a means of con- 

t r o l l i n g  t h e  d e c e l e r a t i o n  G ' p r o f i l e ,  i s  mounted. I n  ope ra t ion ,  t h e  s l e d  i s  

drawn back by a power winch, s t r e t c h i n g  t h e  bungee i n t o  t h e  f i r i n g  pos i t i on .  

The s l e d  i s  then  a t t a c h e d  t o  t h e  release mechanism and t h e  power winch cable 

removed. 

broad, f la t  face c o n t a c t s  t h e  honeycomb. 

and, depending upon i t s  c r o s s  s e c t i o n a l  area, f r o n t a l  contour ,  and b a s i c  

c rush  s t r e n g t h  produces t h e  d e s i r e d  d e c e l e r a t i o n  G p r o f i l e  (rate of onse t  

and peak or 2 l a t e a u  va lue ) ,  commensurate wi th  t h e  v e l o c i t y  changes. 

When r e l eased ,  t h e  s l e d  accelerates along t h e  t r a c k  u n t i l  i t s  

The honeycomb crushes  p rogres s ive ly  

2.1.2 Vertical Decelera tor  

The v e r t i c a l  d e c e l e r a t o r  c o n s i s t s  b a s i c a l l y  of an  80- foot  tower, 

support  and r e s t r a i n t  system (SARS), a drop v e h i c l e  assembly wi th  means f o r  

mounting t h e  SARS and w i t h  a h o i s t  cab le  a t tachment  p o i n t ,  SARS r o t a t i n g  

device,  a h o i s t  cab le  and crane  t o  raise t h e  drop v e h i c l e  t o  t h e  d e s i r e d  

he igh t ,  gu ide  c a b l e s  t o  reduce t r a n w e r s e  motion when t h e  drop v e h i c l e  w a s  

decending, and a steel a n v i l  secured t o  a r e i n f o r c e d  conc re t e  base  upon which 

5 





t h e  aluminum honeycomb wus placed. I n  o p e r a t i o n ,  t h e  test  animal  i s  placed 

i n  t h e  appropr i a t e  SARS which i n  t u r n  i s  secured i n  t h e  drop veh ic l e .  

drop v e h i c l e  i s  r a i s e d  t o  t h e  d e s i r e d  h e i g h t  by means of a winch and t h e  

SARS r o t a t e d  from t h e  h o r i z o n t a l  to  t h e  ver t ical  pos i t i on .  

i s  then  r e l eased  ar,d accelerates a t  approximately 1 G u n t i l  i t  c o n t a c t s  

the honeycomb. The honeycomb crushes  p rogres s ive ly  producing t h e  d e s i r e d  

d e c e i e r a t i o n  prof i k .  

The 

The drop vehicln. 

2 . 2 SUPPORT AND RES'i'RAINT SYSTEMS (SARS 1 

Two support  and r e s t r a i n t  systems were used i n  t h e s e  experiments.  One 

Each provided f l p a c t  prcj tect ion f o r  guinea p i g s  and t h e  o t h e r  f o r  monkeys. 

w a s  designed t o  be used w i t h  e i t h e r  dece le ra to r .  

2.2.1 Guinea P i g  SI?,KS 

The suppor t  and r e s t r a i n t  system used to con ta in  guinea  p i g  s u b j e c t s  

f o r  t h e s e  expe r imenh  i s  shown i n  F igure  2 , 

suppor t  and a t o r s o  r e s t r a i n t .  The d o r s a l  suppor t  w a s  c o n s t r u c t e d  of epoxy 

p l a s t i c  r e in fo rced  wi th  f i b e r  g l a s s  c l o t h  around steel frame members welded 

t o  heavy steel p ivo t s ,  The s u r f a c e  i n  con tac t  w i t h  t h e  s u b j e c t  w a s  semi- 

contoured t o  conform t o  t h e  an imal ' s  d o r s a l  form and w a s  l i n e d  w i t h  1 /8- inch  

E n s o l i t e  s e m i - r e s i l i a n t  v i n y l  foam. The torso r e s t r a i n t  was madr. of dacron 

wi th  1/2- inch by 1/16-inch nylori webbing (1000 l b  test r a t i n g )  t o  secu re  t h e  

s u b j e c t  t o  t h e  d o r s a l  support .  

w i th  a t h r e e  p o i n t  suspension w a s  provided t o  reduce whiplash and lateral 

head r o t a t i o n .  

The SARS c o n s i s t e d  of a d o r s a l  

A head r e s t r a i n t  of nylon webbing (1000 l b )  

2.2.2 Monkey SARS 

The support  and r e s t r a i n t  system used f o r  monkey s u b j e c t s  (F igu re  3 1 
c o n s i s t e d  of a b a s i c  d o r s a l  suppor t ,  nylon webbing, a head and shoulder  

r e s t r a i n t  f i x t u r e ,  and a welded t u b u l a r  t r u s s .  

experiment,  t h e  head and shoulder  r e s t r a i n t  f i x t u r e  was rep laced  by a "muzzle 

type" head r e s t r a i n t  and shvulder  and c h e s t  r e s t r a i n t  of nylon webbing. 

b a s i c  d o r s a l  support  was designed t o  main ta in  t h e  s u b j e c t  i n  a s e a t e d  pos tu re  

and d i r e c t l y  supported t h e  an imal ' s  fee t ,  l e g s ,  bu t tocks  and lower back. 

The d o r s a l  support  was semi-contoured t o  f i t  t h e  d o r s a l  s i d e  of t h e  monkey 

and an  1 /8- inch  l aye r  of E n s o l i t e  was provided i n  the  t o r s o  region.  Semi- 

contoured t o r s o  panels  conforming t o  t h e  s u b j e c t ' s  abdomen and lower 

P a r t  way through t h e  

The 
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ches t  were a t t ached  by means of hinges t o  t h e  b a s i c  d o r s a l  support  t o  provide 

uniform containment of t h e  subjec t .  

were cons t ruc ted  of 3/16-inch epoxy p l a s t i c  r e in fo rced  wi th  f i b e r g l a s s  c l o t h .  

Nylon webbing (2500 l b )  l - i n c h  by 1/16-inch,  was used t o  r e s t r a i n t  t h e  

s u b j e c t ' s  f e e t  and l egs  and t h e  upper and lower ends of t h e  t o r s o  panels .  

A dacron webbing l ap  b e l t ,  1 3/4- inch by 1/16-inch wi th  a t e n s i l e  s t r e n g t h  of 

6300 pounds w a s  used f o r  a d d f t i o n a l  r e s t r a i n t .  

t y ing  t h e  s u b j e c t ' s  wrists t o  t h e  suppor t ing  t r u s s  wi th  1/2- inch by 1/32-inch 

nylon webbing. The head and shoulder  r e s t r a i n t  f i x t u r e  cons i s t ed  of a channel  

which c rad led  t h e  head and had curved f l a n g e s  a t  t h e  lower end which conformed 

t o  f i t  t h e  s u b j e c t ' s  shoulders .  

cons t ruc ted  of epoxy p l a s t i c  r e in fo rced  wi th  f i b e r g l a s s  c l o t h  and was approx- 

imately 3/16-inch i n  th ickness .  

mounted on a braking mechanism which w a s  a t t ached  t o  t h e  welded t u b u l a r  t r u s s .  

Th i s  allowed t h e  s u b j e c t ' s  head and shoulders  t o  t r a n s l a t e  up t o  one inch  

along t h e  "2" a x i s  under -G, loading t o  reduce compression loadtng on t h e  

spine.  An E C C O S P . ~ ~ ~  pad sea l ed  i n  an  impermeable l a t e x  bag w a s  used and 

was evacuated t o  provide a r i g i d ,  custom-contoured support  f o r  t h e  head and 

shoulder  area of each i n d i v i d u a l  subjec t .  The welded t u b u l a r  t r u s s  enabled 

the  SARS t o  be used i n  e i t h e r  dece le ra to r .  The t r u s s  a t t ached  t o  t h e  basic 

d o r s a l  support  a t  t h e  f o o t r e s t  and at t h e  uppe, and lower ends of t h e  back, 

t h u s  j o i n t n g  t h e  two toge the r  i n t o  a framework which provided maximum support  

f o r  t h e  b a s i c  d o r s a l  support .  After welding, t h e  t u b u l a r  frame was stress 

re l i eved  and hea t  t r e a t e d  t o  i n s u r e  t h e  s t r u c t u r a l  i n t e g r i t y  of t h e  system. 

The d o r s a l  support-and t o r s o  pane l s  

The arms were r e s t r a i n e d  by 

The head and shoulder  r e s t r a i n t  f i x t u r e  w a s  

The head and shoulder  r e s t r a i n t  f i x t u r e  w a s  

* 

After t h e  f i r s t  25 runs ,  t h e  SARS w a s  modified t o  s imula t e  a r e s t r a i n t  

system more r e a d i l y  adap tab le  t o  man. A f l a c c i d  <un-evacuated) 1/2- inch 

Eccosphere t o r s o  pad was s u b s t i t u t e d  f o r  t h e  Enso l i t e  t o r s o  pad and t h e  head 

and shoulder  r e s t r a i n t  f i x t u r e  was removed and rep laced  by a shoulder  r e s t r a i n t  

of 2500-lb, 1- inch by 1/16-inch nylon webbing (see F igure  4a,b). 

were secured t o  t h e  a n t e r i o r  p o r t i o n  of t h e  b a s i c  d o r s a l  support  j u s t  below 

t h e  shoulders.  The s t r a p s  r a n  over  t h e  shoulders ,  under t h e  t o r s o  pad, and 

were a t t a c h e d  t o  t h e  truss bes ide  t h e  thighs.  

Two s t r a p s  

They were laced  t o g e t h e r  

* 
(Small hollow p l a s t i c  spheres  i n  a cover,  somewhat resembling a bean bag. 
A f t e r  being contoured t o  t h e  i n d i v i d u a l  sub jec t ,  bag evacuat ion  r i g i d i z e s  
t h e  assembly. See NSL Report  No. 66-109 f o r  d e t a i l s , )  
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ac ro& t h e  ches t  t o  prevent  them from s l i p p i n g  o f f  t h e  shoulders  under load. 

A weage of r i g i d  epoxy foam was a t t ached  t o  t h e  welded t u b u k r  truss t o  

p o s i t i o n  t h e  sub jec t ' s  head i n  t h e  proper  o r i e n t a t i o n .  

head r e s t r a i n t  was used t o  reduce lateral head motion and whiplash under 

loading . 
A t h r e e  p o i n t  dacron 

2.3 INSTRUMENTAT ION 

Accelera t ion  t r ansduce r s  and a record ing  osc i l l og raph  were used t o  

record t h e  d e c e l e r a t i o n  G p r o f i l e .  

(a)  Statham model A52-150-300 2150 G wi th  a n a t u r a l  f roquency of more than 

1000 cps,  ( b )  CEC model 4-202-0001Ifi250 G w i t h  a n a t u r a l  f requency of 2000 

cps,  and (c )  CEC model 4-202-0001 5500 G w i t h  a n a t u r a l  f requency of 2900 

cps,  The frequency response of a l l  t r ansduce r s  i s  f l a t  to  one-half  of t h e i r  

frequency. The output  from t h e  t r ansduce r s  was f e d  through a ba lance  box t o  

a CEC Model 5-124 record ing  osc i l l og raph .  

o sc i l l og raph  i n  conjunct ion  wi th  t h e  a c c e l e r a t i o n  t r ansduce r s  was a CEC 7-3b2 

which has  a f l a t  response t o  f r equenc ie s  up t o  135 cps. Typ ica l  G p r o f i l e s  

are shown i n  F igu re  5. 

The t h r e e  types  of t r ansduce r s  used were 

The galvanometer used i n  t h e  

* 

For  record ing  i n t e r n a l  p re s su res  from t h e  tes t  s u b j e c t  Statham SF-1 

These s t r a i n  gage dev ices  phys io log ica l  p re s su re  t r ansduce r s  were used. 

have a n  ope ra t ing  range of 2300 mm Hg and a des ign  l i m i t  of - +500 mm Hg w i t h  

a n a t u r a l  f requency of 1200 cps. 

i n t o  CEC Model 3101B wideband DC a m p l i f i e r s ,  t hen  through a ba lance  box and 

i n t o  a recording osc i l l og raph .  

t o  record  t h e  d e c e l e r a t i o n  G p r o f i l e .  

o sc i l l og raph  i n  

wi th  a f l a t  response t o  a frequency of 500 cps. 

The o u t p u t s  of t h e  t r ansduce r s  were f e d  

The o s c i l l o g r a p h  was t h e  same as t h a t  used 
The galvanometers used i n  t h e  

conjunct ion  w i t h  t h e  p r e s s u r e  t r ansduce r s  were CEC 7-364 

Electrocardiograms were obta ined  on guinea  p i g  s u b j e c t s  impacted a t  

20 and 40 f t / s e c  us ing  a Beck-Lee "Cardi-O-Mitegl. E lec t rodes  were a t t a c h e d  

* 
T n e  minimum frequency response requirement f o r  t h e  d e c e l e r a x o n  p r o f i l e  
i s  determined by t h e  equat ion  f = U l 2 n  where W i s  equa l  t o  t h e  o n s e t  
d iv ided  by t h e  peak G to= onset1G). 
by t h e  f o r c i n g  f u n c t i o n  was 90 cps a t  a peak G of 446 w i t h  a n  onse t  of 
250,000 G/sec, a f l a t  response t o  135 cps  was s u f f i c i e n t .  

S ince  t h e  h i g h e s t  f requency a t t a i n e d  
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(10 msec) 
A. - A V  = 20 f t / s ec ,  Peak G = 85, Onset = 20,000 G/sec 

1 inch = 
145 G 

1 inch  = 
145 G 

B .  - AV = 40 ft /sec,  Peak C = 80, Onset = 20,000 G/sec 

1 inch  = 
145 G 

( 10 msec) 

C. - d V  = 60 f t / s e c ,  Peak G = 85,  Onset = 20,000 G/sec 

FIGURE 5 TYPICAL IMPACT DECELERATION PROFILES FOR GUINEA PIG AND MONKEY SUBJECTS 
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t o  s k i n  f o l d s  i n  t h e  a x i l l a r y  r eg ion  us ing  s p r i n g  type  c l i p s .  

cardiograms were ob ta ined  on guinea  p i g  s u b j e c t s  impacted a t  60  f t / sec  

us ing  a Sanborn r e c o r d e r  (Model 296) in con junc t ion  w i t h  a Sanborn 350-32OOA 

ECG p reampl i f i e r .  

a t t a c h e d  on t h e  c h e s t  and gro in .  

s u b j e c t s  be fo re ,  du r ing ,  and a f t e r  impact u s ing  t h e  lead one conf igu ra t ion .  

E l e c t r o -  

Four s p r i n g  c l i p  e l e c t r o d e s  were used on t h e s e  s u b j e c t s ,  

A continuous record ing  was ob ta ined  on a l l  

Elec t rocard iograms were obta ined  on a l l  monkey s u b j e c t s  u s i n g  the? same 
I 

Sanborn r eco rde r  and p r e a m p l i f i e r  system t h a t  was used i n  t h e  guinea  p i g  

60 f t / sec  series. Four Telemedic adhes ive  e l e c t r o d e s  were used on t h e  c h e s t  

and lower abdomen. A lead  one c o n f i g u r a t i o n  was used i n  o b t a i n i n g  continuous 

r eco rd ings  from t h e  sub jec t s .  

2.4 TEST SUBJECTS 

Two types  of test s u b j e c t s  were used i n  t h i s  study. I n  t h e  f i r s t  phase,  

266 tes t s  were conducted w i t h  a d u l t  male guinea  p i g s  (Cavy p o r c e l l u s ) .  The 

second phase used young a d u l t  male monkeys (Macaca spec iosa) .  

2.4.1 Guinea P i g s  

Guinea p i g s  were ob ta ined  from a l o c a l  breeder.  These an imals  were of 

good ped ig ree  and were r a i s e d  w i t h  t h e  care and a t t e n t i o n  r e q u i r e d  f o r  

r e sea rch  animals. When r ece ived  t h e  animals were examined f o r  outward s i g n s  

of i l l n e s s .  P e r i c d i c a l l y ,  an imals  were s a c r i f i c e d  and examined f o r  bo th  

g r o s s  and microscopic p a t h o l o g i c a l  f i n d i n g s  f o r  con t ro l s .  

2 , 4.2 Monkeys 

Research q u a l i t y  monkeys, weighing from 10 t o  13 pounds, were ob ta ined  

v i a  a i r  f r e i g h t  .:'iom an i,mporter. The a n i m l s  had been condi t ioned  f o r  at 

least s i x  seeks  be fo re  de l ive ry .  Upon r e c e i p t ,  a l l  animals were examined 

f o r  outward s i g n s  of d i s e a s e  o r  i n ju ry .  

were taken, 

importer. Sub jec t s  s e l e c t e d  were housed i n  an a i r  condi t ioned  l abora to ry  

holding f a c i l i t y  f o r  f u r t h e r  obse rva t ion  be fo re  being t e s t e d .  

* 
I f  needed, t h e r a p e u t i c  measures 

Animals not  meeting q u a l i t y  s t anda rds  were re tu rned  t o  t h e  

2 - 5  HANDLING PROCEDURES 

Two-hundred and s i x t y - s i x  (266) guinea p i g  runs  and 42 monkey runs  were 
conducted wi th  planned d e c e l e r a t i o n  G p r o f i l e s  t o  study t h e  threshold.  of 

*Asiatic Animal Imports,  Inc., Burlingame, C a l i f o r n i a  conducts tests and 
treats aninials t o  provide  a "conditioned#' o r  c e r t i f i e d  t es t  s u b j e c t ,  
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bradycardia  and t h e  to l e rance  limits of' t h e  sub jec t s .  

t e s t s  were conducted on s u r g i c a l l y  prepared monkeys t o  record  i n t r a t h o r a c i c  

and i n t r a - a o r t i c  pressures during impact. 

An a d d i t i o n a l  19 

2.5.1 Guinea Pig Tests 

A pre l iminary  c l i n i c a l  examination was given each animal immeaiataly 

before  being exposed. 

a d  r e s t r a i n e d .  

wi th  t h e  planned G p r o f i l e .  

tes t  and t h e  record ing  was cont inued u n t i l  i t  became cons tan t .  

The s u b j e c t  was then placed i n  t h e  appropr i a t e  SARS 

The ECG e l e c t r o d e s  were a t t ached  and Lhe animal impacted 

The h e a r t  r a % e  was monitored throughout t h e  

The sub jec t  

was then removed from t h e  SARS and examined f o r  c l i n i c a l  s igns  of i n ju ry .  

Ntm-survivors were necropsied t h e  day of ?=pact. 

hours were considered t o  be surv ivors .  I n  t h e  20 and 60 f t / s e c  series, the 

s u b j e c t s  were euthanized a f t e r  t h e  s u r v i v a l  per iod.  

t h e  s u b j e c t s  were e i t h e r  euthanized a t  t he  end of  t h e  su rv iva l  pe r iod  o r  he ld  

f o r  reexposure.  

(50 mg/cc) i n t r a p e r i t o n e a l l y .  

necropsied and a g ross  pa tho log ica l  examination of t h e  major organs and blood 

v e s s e l s  was made. 

Subjec ts  t h a t  l i v e u  L L r  24 

I n  t h e  40 f t / s e c  s e r i e s  

The s u b j e c t s  were euthanized wi th  1 c c  of sodium pen toba rb i t a l  

Af t e r  t h e  s u b j e c t s  were ettthanized they were 

2.5.2 Monkey T e s t s  

Each subjeci: was given a pre l iminary  exz: i :xLr" . :n  and shavsd f o r  the 

ECG e l ec t rodes  which were then a t t ached .  

SARS and impacted with t h e  planned G p r o f i l e .  

ou t  t h e  t e s t  and continued u n t i l  t h e  h e a r t  r a t e  r e tu rned  t o  t h e  pre-run 

l eve l .  

i n j u r i e s ,  and observed f u r t h e r  f o r  two hours ,  At. t h e  end of t h i s  t ime, i f  

t h e  sub jec t  was scheduled t o  be necropsied,  i t  was euthanized wi th  a 10 c c  

intravenous i n j e c t i o n  of sodium pen toba rb i t a l  (50 mg/cc). 

t o  be t e s t e d  aga in ,  it was r e tu rned  t o  t h e  holding f a c i l i t y  and observed f o r  

a t  l e a s t  t h r e e  days be fo re  being re-exposed. Any s u b j e c t  t h a t  was i n j u r e d  

was euthanized and necropsied immadiately. During necxopsy, s p e c i a l  

a t t e n t i o n  was given t o  t h e  h e a r t ,  major v e s s e l s ,  and CNS. 

The s u b j e c t  was then p laced  i n  t h e  

The ECG was monitored through- 

The subjec.t was then removed from t h e  SARS and examined c l i n i c a l l y  for 

I f  t h e  s u b j e c t  was 

2.5.3 Monkey P repa ra t ions  f o r  Pressure Measurements 

Subjec ts  scheduled t o  be s u r g i c a l l y  prepared  f o r  p r e s s u r e  measurements 

were anes the t i zed  with sodium p e n t o b a r b i t a l  (50 mg/cc) adminis tered i n t r a -  
venously using A dosage of 10 mg p e r  pound of body weight. 

dosages of' t h e  anes thec ic  were i:ifac: ,*d throughout t h e  experiment t o  main ta in  
Addi t iona l  1 c c  
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t h e  s t lbject  at' an  adequate l e v e l  of s u r g i c a l  anes thes ia .  

given an  intravenous i n j e c t i o n  of 3000 USP u n i t s  of hepar in  t o  prevent  

blood c l o t t i n g .  

were shaved t o  faci l i ta te  surgery  and e l cc t zode  placement. 

was t hen  performed and an  endot rachea l  tube  inser ted .  A t  t h i s  p o i n t  t h e  

sub jec t  was ready f o r  t h e  in t roduc t ion  of t h e  SF-1- pres su re  t r ansduce r  

ca the t e r s .  

The s u b j e c t  was then  

The s u b j e c t ' s  neck, c h e s t ,  abdomen, t h i g h s ,  and elbows 

A tracheotomy 

The c a t h e t e r i z a t i o n  of t h e  aortic a r c h  was performed f i r s t .  A s k i n  

i n c i s i o n  was made i n  t h e  l e f t  ingu ina l  r eg ion  and t h e  i l iac  a r t e r y  exposed 

by b lun t  d i s sec t ion .  The v e s s e l  w a s  l i g a t e d  a t  t h e  d i s t a l  end and occluded 

at  t h e  proximal end wi th  "0" s i l k  su tures .  

v e s s e l  w a l l  and the c a t h e t e r  inser ted .  
w a s  r e l eased  slowly t o  permit  t h e  passage of t h e  ca the t e r .  

w a s  then  passed through t h e  i l iac  a r t e r y  i n t o  t h e  a o r t a  t o  t h e  d e s i r e d  

Level. 

w a l l  was t i e d ,  t hus  secur ing  t h e  c a t h e t e r  i n  t h e  vesse l .  

was then  anchored to  t h e  deep t i s s u e  and s k i n  by proximal and d i s ta l  

l i g a t u r e s  t o  prevent  displacement at impact. The s k i n  i n c i s i o n  w a s  c losed  

wi th  wound c l i p s  and t h e  c a t h e t e r  w a s  t hen  su tu red  along t h e  l eng th  of t h e  

th igh  t o  improve s t a b i l i t y .  

An i n c i s i o n  was then  made i n  t h e  

The proximal end of t h e  vessel 
The c a t h e t e r  

The s u t u r e  a t  t h e  proximal end of t h e  i n c i s i o n  i n  t h e  vessel 

The c a t h e t e r  

I n  two p repa ra t ions  t h e  i l iac  a r t e r y  was found to be  t o o  small t o  permit  

i n t roduc t ion  of t h e  ca the t e r .  

< i t ended  a n t e r i o r l y  t o  t h e  lumbar reg ion  and b l u n t  d i s s e c t i o n  was  performed 

r e t r o p e r i t o n e a l l y  to  expose t h e  abdominal aor ta .  The a o r t a  w a s  t hen  l i g a t -  

ed d i s t a l l y  j u s t  above t h e  b i f u r c a t i o n  and was occluded proximally. 

i n c i s i o n  was made i n  t h e  vessel w a l l  and t h e  c a t h e t e r  was inse r t ed .  Once 

t h e  c a t h e t e r  was i n  p l a c e  t h e  proximal l i g a t u r e  w a s  t i e d  t o  anchor t h e  

c a t h e t e r  t o  t h e  deep t i s s u e .  

su tu res  and t h e  sk in  i n c i s i o n  was c losed  w i t h  wound c l i p s .  

I n  t h e s e  cases, t h e  i n i t i a l  s k i n  i n c i s i o n  w a s  

An 

The muscle l a y e r s  were c losed  wi th  "0" s i l k  

Ca the te r i za t ion  of t h e  i n t r a t h o r a c i c  space began w i t h  a s k i n  i n c i s i o n  

i n  t h e  r i g h t  ches t  a t  t h e  second i n t e r c o s t a l  space. 

was used f o r  b lun t  d i s s e c t i o n  of t h e  ches t  w a l l  i n t o  t h e  i n t r a t h o r a c i c  

space. Once t h e  needle  was i n  p l ace ,  t h e  c a t h e t e r  was passed from t h e  

needle  i n t o  t h e  cavi ty .  The needie  wds then  withdrawn and t h e  s k i n  i n c i s i o n  

A t r o c a r - l i k e  needle  
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was c losed  wi th  wound c l i p s .  

a t  two p o i n t s  w i th  ''0" s i l k  su tures .  

The c a t h e t e r  was then  anchored t o  t h e  s k i n  

The ECG e l e c t r o d e s  were then  a t tached .  The plug i n  t h e  d i s t a l  

end of t h e  a o r t i c  c a t h e t e r  w a s  t hen  opened and t h e  c a t h e t e r  was b led  t o  

remove t rapped  air. 
secured i n  t h e  SARS on t h e  s led.  The in s t rumen ta t ion  leads  were then  

connected and t h e  s l e d  was p u l l e d  i n t o  t h e  f i r i n g  pos i t i on .  

record ing  was then  begun and a f t e r  60 seconds,  t h e  sub jec t  was impacted, 

s t rumenta t ion  was monitored throughout t h e  run  and cont inued u n t i l  t h e  

pre- run  b a s e l i n e  was reached. 

a t  least t h i r t y  minutes be fo re  re-exposure. The number of exposures  f o r  each 

of t h e  s ix  s u b j e c t s  v a r i e d  from two t o  six. A t  t h e  completion of t h e  runs,  

t h e  s u b j e c t  was removed from t h e  SARS and eu thanized  w i t h  10 cc of sodium 

p e n t o b a r b i t a l  (50  mg/cc) in t ravenous ly .  The s u b j e c t  w a s  necropsied wi th  

care taken  t o  no te  t h e  l o c a t i o n  and o r i e n t a t i o n  of t h e  c a t h e t e r  t i p s  i n  

r e l a t i o n  t o  t h e  G vector .  

The p lug  was then  r ep laced  and t h e  s u b j e c t  was 

Ins t rumenta t ion  

In -  

The sub jec t  w a s  observed i n  t h e  SARS f o r  
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SECTION 3.0 

EXPERIMENTAL RESULTS 

In  t h i s  s ec t ion ,  experimental  r e s u l t s  desc r ib ing  pa thophys io logica l  

responses  of s u b j e c t s  exposed t o  -Gz ( t a i l w a r d  a c t i n g )  a c c e l e r a t i o n s  are 

presented. 

and pa tho log ica l  observa t ions  of t he  guinea p i g  and monkey impact subjec ts .  

The r e s u l t s  inc lude  t h e  e l ec t roca rd iog raph ic  f i n d i n g s  and c l i n i c a l  

3.1 GUINEA PIG (Cavy p o r c e l l u s )  IMPACT RUNS 

3.1.1 Clinical  Observat ions 

Two s u b j e c t s  impacted a t  a v e l o c i t y  change of 20 f t / sec  expi red  

immediately fol lowing t h e  exposure, one a t  40 G and 5,000 G/sec and one a t  

40 G and 10,000 G/sec. 

t o  be e s s e n t i a l l y  normal at post-impact examination. 

considered necessary. 

The remainder of t h e  s u b j e c t s  i n  t h i s  series appeared 

Tabula t ion  w a s  not 

During the  series of tests conducted a t  a v e l o c i t y  change of 40 f t /sec 

t h e  s u r v i v a l  rate decreased a t  h igher  G leve ls .  

non-survivors  i n  t h i s  series were dead wi th in  t w o  minutes a f t e r  impact. 

no animals expired between two minutes and t h e  24 hours  def ined  as t h e  t i m e  

of surv iva l .  Respi ra tory  d i f f i c u l t y  was noted more f r e q u e n t l y  a t  h igher  

G leve ls .  1n.jury t o  t h e  fo re l imbs  occurred i n  t h r e e  ou t  of seven s u b j e c t s  

a t  120 G and 20,000 GIsec and i n j u r y  t o  both t h e  hindlimbs and fore l imbs  

was apparent  i n  one s u b j e c t  ou t  of t e n  a t  150 G and 20,000 G/sec. Tabula t ion  

was not  considered necessary.  

It was noted t h a t  a l l  

Thus, 

C l i n i c a l  observa t ions  noted dur ing  tests wi th  a v e l o c i t y  change of 

60 f t / s e c  are l i s t e d  i n  Table  I. An examination of t h e s e  observa t ions  shows 

t h a t  t h e  number of non-survivors  inc reases  wi th  h igher  G l eve l s .  

f o r  leg i n j u r i e s  has  also been included t o  d i f f e r e n t i a t e  between t r u e  

p a r a l y s i s  and i n a b i l i t y  t o  move the  legs.  Le-ge hematomas, severe  muscle 

contusions,  and hemorrhage of t h e  b r a c h i a l  arteries are causes  of f o r e l e g  

i n j u r i e s  o f t e n  confused wi th  pa ra lys i s .  

A column 

,3.1,2 General Trends and P a t t e r n s  of Electrocardiograms 

The gene ra l  t r end  of t h e  e l ec t roca rd iog raph ic  t r a c i n g s  showed mainly 

The major i ty  of t h e  s u b j e c t s  manifested bradycard ia  wi th  a change i n  rate. 
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a few e x h i b i t i n g  tachycard ia  o r  a l t e r n a t i n g  tachycard ia  and bradycardia .  The 

t r a c i n g s  were a l s o  examined f o r  abnorma l i t i e s  o t h e r  than  change i n  rate. 

These f i n d i n g s  a r e  l i s t e d  i n  Tables  11, 111, and IV and are summarized below. 

20 Ft /Sec  S e r i e s  - Bradycardia was i n c i d e n t  i n  76 s u b j e c t s  ou t  of 84 

Severe bradycardia  appeared i n  only (90%) i n  varying degrees  of s eve r i ty .  

13% of t h e  s u b j e c t s  w i th  34% e x h i b i t i n g  moderate bradycard ia  and 43% 
showing minimal bradycardia.  

T rans i en t  a u r i c u l a r  f l u t t e r  and a t r i o v e n t r i c u l a r  block were common 

observa t ions  as was t h e  occurrence of a sys to l e .  

of subendocardial  damage, and tachycard ia  were a l s o  observed i n  a few 

inc idences  and were a l l  of a t r a n s i e n t  cha rac t e r .  

Ex t r a sys to l e s ,  evidence 

40 Ft /Sec  S e r i e s  - Bradycardia w a s  i n c i d e n t  i n  84 out  of 105 s u b j e c t s  

(80x1, severe  degree i n  27%, moderate degree i n  30%, and minimal degree  i n  

23%. 

26% of t h e  subjec ts .  

Tachycardia was more preva len t  a t  t h i s  energy l e v e l ,  occur r ing  i n  

The incidence of t r a n s i e n t  a u r i c u l a r  f l u t t e r ,  e x t r a s y s t o l e s ,  and 

evidence of subendocardial  damage increased  i n  t h i s  series over  t h e  20 f t / s e c  

series. 

a v e l o c i t y  change of 20 f t l s e c ,  occurred i n  only t h r e e  cases  i n  t h i s  series. 

There appear t o  be no s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  EGG t r a c i n g s  of 

mul t ip l e  and s i n g l e  exposure animals. 

A t r i o v e n t r i c u l a r  block,  a common f i n d i n g  i n  s u b j e c t s  exposed wi th  

60 Ft /Sec  S e r i e s  - A s  seen i n  Table  I V  (given i n  more d e t a i l  t o  b r ing  

out  t h e  causes  of non-surv iva l )  57 guinea p i g s  ou t  of 77 (74%) exh ib i t ed  

bradycard ia ,  29% t o  a severe  degree,  30% t o  a moderate degree,  and 15% t o  

a mild degree.  

i n  t h i s  s e r i e s .  The inc idence  of a u r i c u l a r  f l u t t e r  and a t r i o v e n t r i c u l a r  

block increased  a t  h igher  G leve ls .  E x t r a s y s t o l e s  and evidence of 

subendocardial  damage were common f i n d i n g s  throughout t h e  series. 

animals  demonstrated v e n t r i c u l a r  tachycard ia  out  of which t h r e e  survived. 

One s u b j e c t  d ied  of v e n t r i c u l a r  f i b r i l l a t i o n  fo l lowing  v e n t r i c u l a r  tachy-  

c a r d i a ,  while  another  d i ed  wi th  evidence of severe  subendocardial  damage 

and e x t r a s y s t o l e s  fo l lowing  v e n t r i c u l a r  tachycardia .  

Tachycardia  was evident  i n  only  f i v e  of t h e  s u b j e c t s  t e s t e d  

F ive  
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3.1.3 Pa tho log ica l  Observat ions 

The g ross  pathology observed i n  t h e  s u b j e c t s  exposed t o  impact w i t h  

a v e l o c i t y  change of 40 f t / s e c  i s  not  t a b u l a t e d  because 31 of t h e  70 s u b j e c t s  

were exposed more than  once t o  y i e l d  a d d i t i o n a l  d a t a  on ECG p a t t e r n s  and 

s u r v i v a l  l i m i t s .  The g r o s s  pathology observed a t  v e l o c i t y  changes of 20 and 

60 f t / s e c  i s  l i s t e d  i n  Tables  V and V I  A , B , C , D  and is summarized under 

t h r e e  major headings: Head and Neck, Thorax, and Abdomen. 

Head and Neck - Congestion of t h e  c e r e b r a l  v e s s e l s  and hemorrhage 

of t h e  meningeal v e s s e l s  tended t o  inc rease  a t  h igher  G leve ls .  Hemorrhage 

of t h e  neck v e s s e l s  was not  observed a t  20 f t /sec,  but  was a common f i n d i n g  

a t  a v e l o c i t y  change of 60 f t / s e c .  

Thorax - Pulmonary hemorrhage was a major f ind ing ,  The degree  of such 

hemorrhage var ied ,  occu r r ing  p r imar i ly  i n  t h e  per iphery  of t h e  i n d i v i d u a l  

lobes and less f r e q u e n t l y  i n  t h e  hilum. Subpleura l  hemorrhage i n  t h e  area 

where t h e  azygos vein j o i n s  t h e  s u p e r i o r  vena cava was observed a t  60 f t / s e c ,  

bu t  was not  found a t  a v e l o c i t y  change of 20 f t /sec.  Major v e s s e l  l a c e r a t i o n  

d i d  not occur i n  t h e  20 o r  40 f t / sec  series and was noted only twice i n  t h e  

60 f t / sec  series, once as pulmonary v e s s e l  l a c e r a t i o n  and once as a o r t i c  

lacera t ion .  

Abdomen - Hemorrhage of t h e  abdominal organs such as l i v e r ,  kidney,  

stomach, pancreas ,  and sp leen  was noted t o  i n c r e a s e  a t  h ighe r  G leve ls .  

Lacera t ions  of t h e  stomach and l i v e r  were a l s o  de tec ted .  

25 
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TABLE V I  - PATHOLOGICAL OBSERVATIONS - GUINEA P I G  
RUNS VELOCITY CHANGE (AV) = 60 FT/SEC 

N o .  of Subjects  
No. of Non-Survivors 

A - 100 G 

10 10 
1 2 

B - 120 G 

100 I 

I Onset ( G / S e c )  I 10,000 I 20, OGO 1 
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TAELE VI i Continued) 

Sub leural 
Pu lmona r y 

D - 80 & 160 G 

H emc I: r h ag e 
Mening ea 1 
Neck Vessel 
Subpleural 
Pulmonarv 

I Laceration 
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3.2 MONKEY (Macaca spec iosa)  IMPACT RUNS 

3.2.1 C l i n i c a l  Observations 

A t  a v e l o c i t y  change of ?? f t / s e c ,  s i x  runs were conducted wi th  no 

apparent  change i n  t h e  c l i n i c a l  cb- idi t ion of t h e  s u b j e c t s .  

A t  a v e l o c i t y  change of 40 f t / s e c ,  twenty-two runs were conducted. 

Immediate post-impact observa t ions  inc luded  d i s t e n t i o n  of t h e  j u g u l a r  

ve ins  and a c e s s a t i o n  of r e s p i r a t i o n  which u s u a l l y  resumed wi th in  two minutes.  

Most of t h e  s u b j e c t s  observed had a moderate degree of  pa l eness  of  t h e  

cheeks and were moderately t o  s l i g h t l y  dazed a f t e r  impact.  

s u b j e c t s  d i d  not  appear impaired except  i n  one test  where a f r a c t u r e d  femur 

The m o b i l i t y  o f  t h e  

occurred. 

A t  a v e i o c i t y  chaiige of  60 f t / s e c ,  t h e  s u b j e c t ' s  r e s p i r a t i o n  ceased 

a t  impact i n  a l l  fou r t een  runs. When it re tu rned ,  w i th in  two minutes ,  i t  

was slow and i r r e g u l a r  f o r  up t o  f i v e  minutes be fo re  r e t u r n i n g  t o  normal. 

I n  one s u b j e c t  abdominal b rea th ing  was noted  ?est-impact. 

later found t o  have a uioderate degree of pneumothorax. 

of  s i x  s u b j e c t s  appeard b l u i s h  i n  c o l o r  immediately post-impact. 

a minute o r  two t h e  b l u i s h  c o l o r  disappeared. 

looked moderately pale a f t e r  impact  and t h e  jugu la r  and a x i l l a r y  v e i n s  

appeared engorged. 

observed. 

smal le r  i n  s i z e  than t h e  r i g h t ,  bu t  r e a c t e d  t o  l i g h t  r e f l e x  i n  both . 

cases.  

and t e n  minutes f o r  t h e  p u p i l s  t o  r ega in  normal s i z e c  

of varying degree a f t e r  impact was  a n o t a b l e  f e a t u r e  i n  some s u b j e c t s .  

Myalgia occurred commonly after impact and con t r ibu ted  t o  t h e  l ack  of 
voluntary mobil i ty .  F r a c t u r e  of femur occurred i n  two subjec ts .  

The s u b j e c t  was 

The g w s  and tongues 

Within 

The cheeks of a l l  s u b j e c t s  

Changes i n  t h e  s i z e  of t h e  p u p i l s  i n  two s u b j e c t s  were 

I n  both s u b j e c t s  t h e  l e f t  pup i l  w a s  c o n s t r i c t e d  and appei red  

Accommodation r e f l e x  was p re sen t  i n  both. It took f i v e  minutes  

Loss of  muscle t o n e  

3.2.2 General Trends i n  Electrocardiograms 

The observa t ions  obta ined  from examination of  t h e  e l ec t roca rd iog raph  

t r a c i n g s  of monkey s u b j e c t s  a r e  l i s t e d  i n  T a b l e V I I a n d  a r e  summarized here. 

A t  a v e l o c i t y  change of  20 ft , /sec,no change i n  h e a r t  ra te  o r  rhythm 

was o b s e r v d .  

40 t o  130 G. 

S.*u runs were conducted a t  va r ious  G l e v e l s  ranging from 

29 



TABLE VI1 ECG EVALUATIONS - MONKEY RUNS 

G 

39 

59 

Onset Evaluations 

16,300 No change 

26 , 400 No change 

20,300 No change P- 
23.200 No change 

19.100 No change 

20 , 150 No change 

B. Velocity Change = 40 Ft/Sec - 

Evaluations Onset G 

40 19 , 400 
30,700 

No change 

55 No change 

Mi Id tachycardia 58 21,400 

No change 62 40,600 
Severe bradycardia, auricular fibrillation, 
extrasystoles, subendocardial damage 18 , 350 78 

79 31,700 Mild tachycardia 

99 18,100 Bradycardia at impact and auricular fibrillation 

No change 122 14,200 

41 , 600 Bradycardia at impact; mild tachycardia later 124 

Mild tachycardia 19,400 125 

152 No change 

177 14,900 No change 
~ 

Moderate tachycardia 

Bradycardia at impact; mild tachycardia later -- 
189 

201 ' 

21,600 

41,500 

(Continued) 
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G 

234 

258 

339 

413 

430 

43 3 

446 

159 

166 

175 

193 

200 

r 

200 

254 

306 

325 

- 

I 450 

(TABLE VII Continued) 

(B. Velocity.  Change = 40 Ft /Sec  Continued) 

Onset 

37,000 

38,500 

38,000 
~~ 

175,500 

2 10,200 

205,000 

250.000 

223,000 

Onset 

69,100 

Evalua t ions  I 
No change I 
Mild tachycard ia  

Mild tachycard ia  

Severe t o  moderate bradycard ia ,  a u r i c u l a r  
f i b r i l l a t i o n  a t  impact  - 

Mild bradycard ia  followed by mi ld  t achyca rd ia  

Bradycardia a t  impact on ly  

?# 
C. Ve loc i ty  Change = 60 Ft /Sec  

No Record 

151,000 

No change 

No change 

57,300 

No Record 

85,000 

95,200 

90,250 

No Record 

No Record 

120,000 

168,100 

Evalua t ions  

Mild t achyca rd ia ,  subendocard ia l  damage 

Mild tachycard ia  

Mild t achyca rd ia ,  subendocardial  damage 

Moderate t achyca rd ia  

Severe bradycard ia  

Moderate bradycard ia ,  e x t r a s y s t o l e s  

Severe bradycardia ,  e x t r a s y s t o l e s ,  subendocard ia l  
damafze 

Severe bradycard ia ,  subendocardial  damage 
~ ~ ~~ 

Severe bradycard ia ,  a u r i c u l a r  f i b r i l l a t i o n  a t  
impact,  e x t r a s y s t o l e s ,  subendocardial  damage 

Moderate t o  seve re  bradycard ia ,  v e n t r i c u l a r  
t achyca rd ia ,  subendocardial  damage 

Severe bradycard ia ,  subendocard ia l  damage 

Severe bradycard ia  - 
31 



A t  a v e l o c i t y  change of 40 f t / s e c ,  22 runs  were conducted. 

s u b j e c t s  showed no change, s i x  mild t achyca rd ia ,  f i v e  t r a n s i e n t  ( 2 - 3  sec) 

bradycard ia ,  and two showed mild t o  moderate bradycard ia  f o r  one minute o r  

longer  . 

Nine 

A t  a v e l o c i t y  change of 60 f t /sec,  14 runs  were conducted a t  v a r i o u s  G 

l e v e l s  from 98 t o  325 G. No ECG was obta ined  i n  two- runs  ( n o t  included i n  

Table  VI11 as t h e  l eads  p a r t e d  a t  impact. 

severe  degree  w - -  noted i n  s u b j e c t s  exposed above 160 G. 

t achycard ia  we ..Sserved below 160 G. 

Bradycardia of a moderate t o  

Mild t o  moderate 

The r e s u l t s  of t h e  e lec t rocard iograms obta ined  from t h e  s u r g i c a l l y  

prepared s u b j e c t s  f o r  p res su re  measurements are not  inc luded  i n  Tab le  V I I .  

However, no change i n  ra te  or  rhythm w a s  observed. 

3.2.3 Pa tho log ica l  Observat ions 

With one except ion ,  M-24, a l l  of t h e  monkey s u b j e c t s  u i ed  i n  t h i s  

p r o j e c t  are l i s t e d  wi th  a n  i n d i v i d u a l  h i s t o r y  of exposures a r ranged  below i n  

s e q u e n t i a l  order .  

01: m u l t i p l e  exposure. 

(40 f t / sec) ;  20 days  then  100 G (60 f t / s ec ) ;  40 days then  193 G (60 f t / sec) ;  

3 days then  175 G (60 f t /sec) ;  67 days then  450 G (40 ft/sec). One month 

af ter  t h e  last exposure t h e  s u b j e c t  appeared i n  good hea l th .  

M-24 w a s  maintained t o  s tudy  p o s s i b l e  long term e f f e c t  

T h i s  sub jec t  has  sus t a ined  exposures  of 413 G 

M-27 - 258 G (40 f t /sec)  - 
Minimal hemorrhage a t  t h e  h i l a r  area of l e f t  lung. Minimal degree of 

conges t ion  i n  t h e  r i g h t  kidney and small i n t e s t i n e s .  

of t h e  r i g h t  femur i n  t h e  mid-shaft  area. 

over  t h e  l e f t  wrist and l e f t  th igh .  

Commiriuted f r a c t u r e  

Contusions,  minimal i n  degree  

- M-18 - 280 G (60 f t /sec)  

Severe hemorrhage i n  t h e  a p i c a l  segment of t h e  s u p e r i o r  lobe of t h e  

l e f t  lung. Moderate horliorrhage on t h e  d o r s a l  su r f ace  of t h e  l e f t  s u p e r i o r  

lobe along wi th  rupture .  

t h e  l e f t  i n f e r i o r  lobe of t h e  lung t o  t h e  c h e s t  wall. Moderate hemorrhage 

on t h e  r i g h t  supe r io r  lobe  d o r s a l l y  a long w i t h  rupture .  Recent pulmonary 

embolism of t h e  r i g h t  lung. Hepat ic  l a c e r a t i o n  near  t h e  e n t r y  of p o r t a l  

vein.  A small c y s t  i n  t h e  g a l l  bladder.  F u l l  u r ina ry  bladder .  Minimal 

Adhesions extending from t h e  d o r s a l  s u r f a c e  of 
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t o  moderate hematoma on t h e  r i g h t  s i d e  of t h e  v e r t e b r a l  column extending 

from t h e  l e v e l  of f o u r t h  t h o r a c i c  v e r t e b r a  t o  t h e  e leventh  t h o r a c i c  v e r t e b r a  

a n t e r i o r l y .  

down from t h e  proximal end, 
Comminuted f r a c t u r e  of t h e  r i g h t  femur one - th i rd  of t h e  way 

M-29 - 300 G (60 f t / s e c )  - 
Severe hemorrhage a t  t h e  h i l a r  a r e a s  of  both the  lungs. Severe 

hemorrhage of t h e  a p i c a l  segments of r i g h t  and l e f t  s u p e r i o r  lobes of t h e  

lungs ( r i g h t  g r e a t e r  than l e f t ) ,  

Minimal degree of d i s t e n t i o n  of t h e  r i g h t  a t r ium wi th  moderate congest ion.  

Severe degree o f  hematoma l a t e r a l  t o  t h e  v e r t e b r a l  column between t h e  l e v e l s  

of s i x t h  and t e n t h  t h o r a c i c  ve r t eb ra .  

Minimal contusions on t h e  d o r s a l  s u r f a c e  of r i g h t  kidney. 

bladder.  Moderate d i s t e n t i o n  of t h e  jugu la r  ve ins .  Minimal t o  moderate 

contusions over  t h e  s u p r a - o r b i t a l  crests o f  both eyes,  r i g h t  corner  of  

r i g h t  eye, r i g h t  and l e f t  shoulders ,  r i g h t  a x i l l a ,  mid-arm, wrist, f l e x o r  

s u r f a c e  of l e f t  wrist, a n t e r i o r  s u r f a c e  o f  c h e s t  along t h e  c o s t a l  c a r t i l a g e s  

of both s i d e s ,  l e f t  ankle ,  and v e r t e x  of s k u l l .  The r i g h t  c i a v i c l e  

f r a c t u r e d  i n  t h e  mid-shaft  area.  

t h e  dura of t h e  o c c i p i t a l  region.  

Moderate degree of c o l l a p s e  or' both lungs. 

Minimal degree of Itsago" spleen.  

F u l l  u r i n a r y  

Minor degree of c a p i l l a r y  hemorrhage on 

Subdural v e s s e l s  s eve re ly  congested. 

- M-22 - 325 G (60 f t / s e c )  

Severe hemorrhage i n  t h e  a p i c a l  segments of  t h e  r i g h t  and l e f t  

supe r io r  lobes of t h e  lungs i n  t h e  a p i c a l  segment of r i g h t  s u p e r i o r  lobe.  

Moderate degree of hemothorax present .  Moderate emphysema on t h e  i n f e r i o r  

d i v i s i o n  of l e f t  supe r io r  lobe.  Right atrium gross ly  dis tended.  Moderate 

d i s t e n t i o n  of t h e  coronary vesse l s .  

l e v e l  of t h e  second t o  t h e  e leventh  t h o r a c i c  v e r t e b r a  on both s i d e s  of t h e  

v e r t e b r a l  column i n d i c a t i n g  presence of p o s s i b l e  compression f r a c t u r e  of 

i n t e r v e r t e b r a l  d i s k s  of t h i s  a rea .  

manubrium s t e r n i .  

Minimal congestion of r i g h t  kidney. F u l l  u r ina ry  bladder.  Contusions of 

minimal degree on both maxi l lae ,  lower jaw, r i g h t  and l e f t  shoulders  and 

t h e  l e f t  w r i s t .  

g r e a t e r  than l e f t ) .  Severe congest ion of subdural  ves se l s .  Hemorrhage on, 

t h e  dura over l ong i tud ina l  f i s s u r e  a t  t h e  base of o c c i p i t a l  lobe.  

Severe hematoma extending from t h e  

Moderate hematoma on t h e  r i g h t  s i d e  of 

Moderate degree of s p l e n i c  and h e p a t i c  congestion. 

Moderate degree of edema around each eye ( r i g h t  s i d e  
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M-26 - - 430 G (40 f t / s e c ) ;  70 days then s u r g i c a l l y  prepared f o r  p r e s s u r e  

measurement runs  (20 f t / s e c )  at 11 G, 15 G, 9 G, 

14 G. 

L e f t  s u p e r i o r  lobe  of t h e  lung fused t o  t h e  i n f e r i o r  lobe  wi th  seve re  

i n f e c t i o n  a t  t h e  hilum. 

towards t h e  per iphery.  

diaphragm. Small nodules  i n  t h e  small  i n t e s t i n e .  F u l l  u r ina ry  bladder .  

Emphysematous b u l l a e  i n  t h e  l e f t  i n f e r i o r  lobe  

The r i g h t  i n f e r i o r  lobe of t h e  lung adhered t o  t h e  

M-19 - - 339 (43  f t / s e c ) ;  60 days then 306 (60 f t / s e c )  

Severe hemorrhage on t h e  a p i c a l  segment of r i g h t  supe r io r  lobe  of t h e  

Severe s p o t t e d  hemorrhages over  t h e  do r sa l  and v e n t r a l  s u r f a c e s  of lung. 

t h e  r i g h t  i n f e r i o r  and middle lobes.  

. d o r s a l  and v e n t r a l  s u r f a c e s  of t h e  r i g h t  i n f e r i o r  lobe.  Moderate s p o t t e d  

hemorrhage i n  a r e a s  over  d o r s a l  and v e n t r a l  su r f aces  of l e f t  supe r io r  and 

i n f e r i o r  lobes.  Moderate h e p a t i c  congestion. Comminuted f r a c t u r e  of  t h e  

r i g h t  femur a t  t h e  mid-shaft  region.  

Thick f i b r o u s  adhesions over  t h e  

M-31 LI - 433 G (40 f t / s e c ) ;  19 days then 200 G (60 f t / s e c )  

Moderate degree of  congest ion of t h e  a p i c a l  segment of t h e  l e f t  

Fibrous adhesions extending from t h e  per iphery  supe r io r  lobe  of t h e  lung. 

of t h e  lobes of both lungs t o  c h e s t  w a l l  ( l e f t  g r e a t e r  than r i g h t ) .  

pulmonary v e s s e l s  d i s tended  moderately.  

p e r i c a r d i a l  sac. The coronary v e s s e l s  congested minimally. The i n t e r -  

c o s t a l  v e s s e l s  moderately dis tended.  Excessive c l e a r  per ioonca l  f i u i d .  

Minimal degree of  h e p a t i c  and s p l e n i c  c mgest ion.  

The 

Excessive clear f l u i d  i n  t h e  

M-20 - - 39 G (20 f t / s e c ) ;  9 days then 40 G (40 f t / s e c ) ;  5 days then 55 G 

(40 f t / s e c ) ;  7 1  days then s u r g i c a l l y  prepared f o r  

pressure measurement runs (20 f t / s e c )  a t  9 G, 

15 G. 

Adhesions between s u p e r i o r ,  middle and i n f e r i o r  lobes o f  t h e  

r i g h t  lung. 

a l s o  wi th  t h e  pericardium. 

t o  t h e  L t ea l  t 5 o r a c i c  wal l .  IISagoIl spleen.  

Adhesions between t h e  l e f t  supe r io r  and i n f e r i o r  lobes and 

Adhesions from t h e  s u p e r i o r  lobe  extenoing 
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M-21 - - 234 G (40 f t / s e c ) ;  62 days then  152 G (60 f t l s e c ) ;  67 days then 44 G 

(40 f t / s e c ) ;  1 day then s u r g i c a l l y  prepared  f o r  

p r e s s u r e  measurement runs (20 f t / s e c )  a t  16 G, 

12 G,  11 G, 12 G, 15 G, 17 G. 

Severe degree of adhesions over  d o r s a l  surface.  o f  a l l  t h e  lobes of 

r i g h t  and l e f t  lungs t o  t h e  c h e s t  w a l l  and diaphragm. 

mid-lobe of r i g h t  lung. 

Urinary b ladder  f u l l .  

t h i r d  and medial  two-thirds .  

Severe c o l l a p s e  of 

Small a r e a s  of f i b r o s i s  and hemorrhage i n  sp l een ,  

F r a c t u r e  r i g h t  c l a v i c l e  a t  junc t ion  of la teral  one- 

Severe hematoma r i g h t  a x i l l a .  

M-23 - - 88 G (20 f t / s e c ) ;  8 days then  58 G (40 f t / s e c ) ;  4 days then  177 G 

(40 f t / s e c ) .  

Mild hemorrhage on t h e  r i g h t  s u p e r i o r  fcbe  and adhesion from r i g h t  

i n f e r i o r  lobe  t o  t h e  pericardium. Adhesion between l e f t :  s u p e r i o r  and 

i n f e r i o r  lobes. Mild d i s t e n t i o n  of  coronary vessels. 14ild degree of  

s p l e n i c  congest ion.  The mesen te r i c  v e s s e l s  moderately congested. The 

l a r g e  and small  i n t e s t i n e s  d is tended  wi th  f e c a l  matter. 

s t r u c t u r e  i n  tlie lower s i x  inches  of t h e  co lon  extending f o r  two and one 

h a l f  inches.  

t h e  bowels.) 

A band- l ike  

(This  caused a f u n c t i o n a l  o b s t r u c t i o n  t o  proper  evacuat ion  of 

M-25 - - 111 G (20 f t / s e c ) ;  9 days then 122 G (40 f t / s e c ) ;  4 days then 123 G 

(40 f t / s e c ) ;  77 days then  s u r g i c a l l y  prepared  f o r  

p r e s s u r e  measurements runs (20 f t / s e c )  a t  11 G, 

16 G, 17 G. 

Moderate degree of  conges t ion  of t h e  i n f e r i o r  d i v i s i o n  of t h e  s u p e r i o r  

l obe  of  t h e  l e f t  lung. 

o b s t r u c t i o n  i n  a small  s e c t i o n  of t h e  small i n t e s t i n e .  

S m a l l  c y s t  i n  t h e  l a r g e  i n t e s t i n e .  Chronic 

!!-30 - - 131 G (20 f t / s e c ) ;  8 days then 78 G (40 f t / s e c ) ;  5 days then  201 G 

(40 f t / s e c ) ;  16 days then  200 G (60 f t / s e c ) .  

Severe degree of hemorrhage i n  t h e  a p i c a l  segment of t h e  r i g h t  

s u p e r i o r  lobe of t h e  lung. 

t h e  l e f t  supe r io r  of t h e  lung. 

of l e f t  v e n t r i c l e .  Moderate hematoma a t  level of t h e  n i n t h  and t e n t h  

t h o r a c i c  v e r t e b r a  i n  t h e  reg ion  of t h e  v e r t e b r a l  column b i l a t e r a l l y .  

Moderate d i s t e n t i o n  of t h e  i n t e r c o s t a l  v e s s e l s .  

Moderate hemorrhage i n  t h e  a p i c a l  segment of 

Moderate conges t ion  of t h e  coronary v e s s e l s  

Minimal degree o f  f r e e  

35 



f l u i d  i n  t h e  p e r i t o n e a l  cav i ty .  The sp leen  and t h e  l i v e r ,  and t h e  l e f t  

kidney minimally congested. Empty u r ina ry  bladder .  Minimal contus ions  

over  t h e  f r o n t a l  a r ea  of t h e  s k u l l ,  

shoulders  ( r i g h t  g r e a t e r  than l e f t ) ,  and r i g h t  and l e f t  wrists. 

congest ion of t h e  subdural  v e s s e l s  of  t h e  r i g h t  p a r i e t a l  lobe.  

l e f t  a x i l l a ,  t i p s  of r i g h t  and l e f t  

Moderate 

M-28 - - 117 G (20 f t / s e c ) ;  9 days then 99 G (40 f t / s e c ) ;  3 days then 152 G 

(40 f t / s e c ) ;  4 days then 61 G (40 f t / s e c ) ;  59 days 

then 98 G (60 f t / s e c ) ;  3. days then 166 G (60 f t / s e c ) ;  

62 days then s u r g i c a l l y  prepared f o r  p r e s s u r e  

measurement runs (20 f t / s e c )  a t  11 G, 16 G, 18 G, 

11 G. 

Small area of c o l l a p s e  frJm l e f t  i n f e r i o r  lobe  t o  pericardium. 

Minor adhesions between lobes of l i v e r .  Urinary bladder  f u l l .  

M-32 - - 59 G (20 f t / s e c ) ,  9 days then 124 G (40 f t / s e c ) ;  3 days then 188 G 

(40 f t / s e c ) ;  4 days then 79 G (40 f t / s e c ) ;  60 days 

then 158 G (60 f t / s e c ) ;  6 days then 254 G (60 f t / s e c ) .  

Severe hemorrhage around t h e  hilum of l e f t  supe r io r  lobe  of  t h e  lung 

extending i n t o  t h e  apical segment. 

l e f t  i n f e r i o r  lobe. 

i n f e r i o r  lobes of  t h e  r i g h t  lung. Severe hemorrhage i n  t h e  r i g h t  i n f e r i o r  

lobe  a t  t h e  per iphery.  

t h o r a c i c  v e r t e b r a  on both s i d e s  of t h e  v e r t e b r a l  column a n t e r i o r l y .  

Hemoperitoneum of  mi ld  t o  moderate degree. 

reg ion  of l i eno - rena l  l igament.  

l a r g e  i n t e s t i n e s .  

i n t e s t i n e ,  caecum, and t h e  l a rge  i n t e s t i n e .  
cau l i f lower - l ike  growths were found i n s i d e  t h e  stomach. 

Severe hemorrhage i n  t h e  h i l a r  a r e a  of  

Mild t o  moderate hemorrhage i n  the, s u p e r i o r ,  mid and 

Mild degree of hematoma a t  t h e  l e v e l  of n i n t h  

Lacera t ion  of  sp l een  a t  t h e  

Small c y s t s  throughout t h e  small  and t h e  

Ulcer formation of unknown cause  i n  p a r t s  of' t h e  small 

F ive  small (one hemorrhagic) . 

3.2.4 Monkeys S u r g i c a l l y  Prepared f o r  P res su re  Measurements 

The purpose of  t h e s e  runs was t o  o b t a i n  simultaneous pressuremeasure-  

men t s  w i th in  t h e  aortic arch and i n t r a t h o r a c i c  space. 

developed t o  accomplish t h i s  using t h e  Statham SF-1 phys io log ica l  p r e s s u r e  

t ransducer .  

t h e  preceeding s e c t i o n  wi th  very l i t t l e  d i f f i c u l t y  i n  technique. 

Techniques were 

Aor t i c  a rch  c a t h e t e r i z a t i o n  was accomplished as descr ibed  i n  

Many 
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t echniques ,  however, were t r i e d  before  an  accep tab le  method f o r  ob ta in ing  

i n t r a t h o r a c i c  p re s su re  was found. ' The accepted  technique used a f l u i d -  

f i l l e d  c a t h e t e r  wi th  a n  open t i p .  T h i s  was in t roduced  through a t r o c a r -  

l i k e  needle  i n t o  t h e  r i g h t  ches t  through t h e  second i n t e r c o s t a l  space t o  

t h e  apex of t h e  t h o r a c i c  cav i ty .  T h i s  system y ie lded  accep tab le  results and 

e leven  runs  were made i n  which u s e f u l  d a t a  was obtained.  These r u n s  are 
summarized i n  Table  VI11 and t y p i c a l  p re s su re  p r o f i l e s  ob ta ined  a t  impact are 

found i n  F igu res  6 ,  7 ,  and 8. These p r o f i l e s  are presented  t o  g i v e  an  i n d i c a  

t i o n  of t h e  t r a n s i e n t  p re s su re  changes fo l lowing  impact and are no t  intended 

to  f u r n i s h  a numerical  r e p r e s e n t a t i o n  of t h e  abso lu te  pressures .  

The e x i s t i n g  state of t h e  a r t  f o r  measuring p res su res  i n  b i o l o g i c a l  

systems undsr  extreme dynamic cond i t ions  p rec ludes  any d e f i n i t i v e  s t a t emen t s  

as t o  t h e  v a l i d i t y  of t h e  numerical  v a l u e s  obtained.  However, a q u a n t i t a t i v e  

i n t e r p r e t a t i o n  must cons ide r  t h a t  t h e  p r o f i l e s  ref lect  changes from mean 

b a s e l i n e  p re s su res  of approximately -10 t o  -5 mm Hg. f o r  t h e  i n t r a t h o r a c i c  

p re s su re  and 100 t o  120 mm Hg. f o r  t h e  a o r t i c  pressure .  The a o r t i c  and 

i n t r a t h o r a c i c  p re s su re  p r o f i l e s  i n  F igu res  8a, b, and c provide  s i g n i f i c a n t  

i n d i c a t i o n  t h a t  t h e  t o t a l  a o r t i c  p re s su re  ( P  mean +dP) i s  compensated by 

t h e  inc reased  i n t r a t h o r a c i c  p re s su re  dur ing  impact. 

p r o f i l e s  i n  t hese  f i g u r e s  d i s p l a y  damped harmonic c h a r a c t e r i s t i c s  which 

appear  a f t e r  a de lay  of approximately 20 mi l l i s econds  fo l lowing  t h e  end of 

impact exposures.  T-his damped sp r ing  mass system behavior  may poss ib ly  be 

expla ined  by cons ider ing  t h e  r e s t o r i n g  e f f e c t s  of r e s t r a i n t  and t i s s u e  

e l a s t i c y  and t h e  dynamic i n t e r p l a y  of t h e  abdominal f l u i d  mass, e las t ic  

diaphragm, and t h e  a i r  e l a s t i c i t y  i n  t h e  lungs. However, f u r t h e r  i n v e s t i g a -  

t i o n  i s  necessary t o  conc lus ive ly  e s t a b l i s h  t h e  course  of t h e s e  wide 

v a r i a t i o n s  i n  t h e  i n t r a t h o r a c i c  pressure.  

The i n t r a t h o r a c i c  

An a t tempt  was made t o  o b t a i n  p re s su re  measurements from t h e  jugu la r  

ve in  and t h e  c a r o t i d  artery under impact. The v e s s e l  d iameters  were too  

small t o  permit  proper  i n s e r t i o n  of t h e  c a t h e t e r  and no f u r t h e r  a t t empt s  

were made adequate. 

be obtained.  

Adequate p re s su re  measuring in s t rumen ta t ion  could not  
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TABLE VI11 - MONKEY RUNS FOR PRESSURE MEASUREMENTS 
AV = 20 FT/SEC 

Run 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

- 
11 
-- 

G 
Level 

9 

15 

11 
- 

16 
~ 

17 
- 

12 
- 

16 

11 

12 

15 

1 7  

Onset 
G/Sec 

8,700 

9,300 

7,000 

9,600 
~- ~ 

10,100 

5,400 

9,500 

7,500 

6,000 

10,500 

11,300 

Pressure  Ins t rumenta t ion  

SF-1 Ca the te r  introduced through l e f t  i l i a c  
a r t e r y  i n t o  abdominal a o r t a  wi th  t i p  3/4 inch 
below a o r t i c  a rch  t o  record  a o r t i c  pressure .  

~ ~ ~ ~~~~~~~ 

SF-1 Cathe ter  introduced through l e f t  i l i a c  
a r t e r y  i n  abdominal a o r t a  wi th  t i p  sea t ed  
about 1 inch below diaphragm t o  record  a o r t i c  
p re s su re  . 

SF-1 Cathe ter ,  f l u i d  f i l l e d  wi th  open t i p ,  
in t roduced  through c h e s t  wal l  a t  2nd i n t e r -  
c o s t a l  space t o  record  i n t r a t h o r a c i c  pressure .  

(1 )  SF-1 Ca the te r ,  f l u i d  f i l l e d  wi th  open t i p ,  
introduced through ches t  wall a t  2nd i n t e r -  
c o s t a l  space. 

i n t o  abdominal a o r t a  j u s t  above b i f u r c a t i o n  
of a o r t a .  Cathe ter  t i p  s ea t ed  a t  base of 
a o r t i c  arch.  

( 2 )  SF-1 Cathe ter  in t roduced  r e t r o p e r i t o n e a l l y  
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SECTION 4.0 

ANALYTICAL INVESTIGATIONS 

In  t h i s  s e c t i o n ,  a n a l y t i c a l  cons ide ra t ions  p e r t a i n i n g  t o  t h e  patho-  

phys io log ica l  responses  of t h e  ca rd iovascu la r  system (CVS) t o  t a i lward  

a c t i n g  i.upact a c c e l e r a t i o n s  are given. 

subsect ions.  F i r s t ,  a review of mathematical  models of t h e  CVS ai.d t h e i r  

a p p l i c a b i l i t y  t o  t r a n s i e n t  f o r c i n g  f u n c t i o n s  i s  presented.  Second, t h e  

CVS i s  t r e a t e d  as a one-degree-of-freedom mechanical r e l a x a t i o n  o s c i l l a t o r  

corresponding t o  a modified ve r s ion  of t h e  van d e r  Po l  equat ion .  

a gene ra l  analogy, t h e  CVS, under s teady  state (normal) cond i t ions  behaves 

as a s t a b l e  o s c i l l a t o r  w i t h  a f i x e d  l i m i t  cycle .  Under t h e  inf  h e n c e  of 

t h e  impact f o r c i n g  f u n c t i o n ,  t h e  phase p i ane  t r a j e c t o r y  r e p r e s e n t i n g  t h e  

d i r e c t i o n a l  and t i m e  dependent element of blood motion i s  a l t e r e d .  Numerical 

va lues  of changes i n  f low caused by impact f o r  guinea p i g  and monkey s u b j e c t s  

are obta ined  and t h e  a p p l i c a b i l i t y  of t h e  l i m i t  cyc l e  o s c i l l a t o r  f o r  

s tudying  such t r t n s i e n t  changes i s  given. F i n a l l y ,  dynamic cons ide ra t ions  

of t h e  a o r t a  are inves t iga t ed .  

d i l a t a t i o n  of t h e  a o r t i c  w a l l ,  a o r t i c  p re s su re ,  a o r t i c  dynamic response,  and 

wave s t a b i l i t y  of t h e  ao r t a .  

The a n a l y s i s  i s  presented  i n  t h r e e  

I n  such 

The a n a l y s i s  i nc ludes  s tudy  of t h e  r a d i a l  

4.1 MATHEMATICAL MODELS OF THE CVS 

Mathematical models of t h e  CVS are based on tt,a c l a s s i c a l  t heo r i e s :  

(a)  Transmission t ' teory i n i t i a t e d  by Moens and Korteweg i n  t h e  second 

half  of t h e  n ine t een th  century.  

( b )  Windkessel theory  proposed by E u l e r  i n  1775 and promoted by Weber 

and Frank. 

These t h e o r i e s  d ive rge  i n  t h e i r  b a s i c  assumptions; t h e  t ransmiss ion  

theory  starts ou t  from a f i n i t e  pu l se  wave v e l o c i t y ,  whi le  t h e  Windaessel 

t heo ry  assumes an i n f i n i t e  p u l s e  wave v e l o c i t y  ( p r e s s u r e  independent of 

t h e  p c s i + ' - -  I n  t h e  chamber). Considerable  e f f o r t  was devoted by Frank 

t o  rt 3 ,L: .I?ese t heo r i e s .  However, r e c e n t  e f f o r t s  have been most ly  

CPI  ' i  1 . ' a  . 1 &:, .'..*<ion. and refinement of t h e  i n d i v i d u a l  t heo r i e s .  
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AUTONOMIC 
CONTROL CENTERS 

- - - - - - 
Rs - Resistance of systemic vascular bed 

Rp - Resistance of pulmonary vascular bed 

Cas - Compliance of systemic arteries 

- Compliance of pulmonary arteries 

- Pulmonary blood reservoir 
cVP 

Cvs - Systemic blood reservoir 

FIGURE 9 ZLECTRICAL MODEL OF THE CARDIOVASCULAR SYSTEM 
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VASODILATOR 
VASOCONSTRICTOR 

1 Bainbridge Ref lex: P res so recep to r  2 S-A Node: Receives s i g n a l  from 
senses  inc reased  f i l l i n g  p r e s s u r e s  
caus ing  p u l s e  rate t o  i n c r e a s e  ''up" 
on ly  

b r a i n  i n i t i a t e s  d e - p o l a r i z i n g  
a c t i o n  of AV node. S i g n a l s  con- 
t r o l  p u l s e  rate "up" and "down" 

3 S t r e t c h  Mechanism: Increased  f i l l i n g  3 Pres,oreceptor:  
p r e s s u r e s  cause inc reased  c o n t r a c t i l e  4a - Senses Arterial Pressures :  
f o r c e s  and v i c e  v e r s a  Heart rate and systemic 

r e s i s t a n c e  are r e g u l a t e d  
t o  main ta in  cons t an t  
arteria 1 p r e s s u r e s  

4b - Increased  F i l l i n g  Pressures :  
Systemic r e s i s t a n c e  i s  
caused t o  i n c r e a s e  and vice 
v e r s a  

FIGURE 10 -MECHANICAL-EQUIVALENT DIAGRAM OF THE HUMAN CARDIOVASCULAR SYSTEM ( 7) 
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The CVS can be considered to be composed of two coordinated systems: 

(a) the blood conducting systen and (b) .the regulatory system, Electrical and 
mechanical models of the CVS illustrating these systems are shown in 

Figures 9 and 10 . These models do not include chemoreceptors. 

b ' 

4.1.1 Blood Conducting System 
The blood conducting system consists basically of two heart pumps, 

resistance, and capacitance vessels. A block diagram of this system is 
illustrated in Figure 11. The mechanical elements of the system are lumped 
as follows: left atrium and pulmonary veins, left ventricle, systemic 
arteries, peripheral resistance (systemic arterioles and capillaries), 

b -$ 

PULMONARY 

LEFT ATRl UM 
VEINS AND 1 

PULMONARY 
RESISTANCE 

> 

FIGURE 11 BLOCK DIAGRAM OF BLOOD CONDUCTING SYSTEM 

PULMONARY 
ARTERl ES 

_i 

k I 
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systemic veins and right atrium, right ventricle,pulmonary arteries, and 
pulmonary resistance (pulmonary arterioles and capillaries). 

of these components of the blood conducting system i s  provided by hydraulic, 

pneumatic and structural meansI 

Physical support 

The blood conducting system can be represented by 18 coupled 
equacions which take into account the properties of blood and vessels 
(inertia, viscosity. pressure-volume relationship, elastic properties etc,),. 
time relaxation between systole and diastole, contractile properties of the 

heart muscles, and blood volume, These 18 equations are characterized by 
the following classes of equations. 

Conservation of Mass The conservation law may be expressed as 

which states that the rate of accumulation of mass within the considered 
volume is equal to the excess of the incoming rate of flow over the out- 

going rate of flow. 
Pressure-Volume Relation. - 

Momentum Equat_!=. - 

1 6 P  
dX a t  

r 

+ local 
acceleration 

Pressure = density 
gradient 

For a Newtonian fluid, ,he coefficient 

+ p$ii PI 
convective + viscous pressure 
acceleration 

of viscosity is assumed constant. 

losses 1 
Using these equations, a prediction may be made of the response of th:: , 

whole system to a transient disturbance.. Warner ( 8 )  has indicated a method 
of s,lution wherein thb transient disturbance i s  introduced by the subject's 

I 
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a t t empt ing  a fo rced  e x p i r a t i o n  a g a i n s t  a c losed  g l o t t i s .  

i s  a c losed  loop, an a c c u r a t e  p r e d i c t i o n  of t h e  dynamic response o f  each 

component of t h e  CVS t o  stress invo lves  t h e  s o l u t i o n  of 18 coupled equa t ions  

of t h e  system s imul taneous ly ,  i n  a d d i t i o n  t o  t h e  governing r e g u l a t o r y  system 

equat ions .  

S ince  t h e  system 

4.1.2 Regulatory System 

The r e g u l a t o r y  system c o n t r o l s  t h e  blood conducting system and 

main ta ins  c e r t a i n  va lues  or ranges  of blood f lows  and p res su res .  

c o n t r o l  i s  exe rc i sed  through both  s t r e t c h  arid chemo-receptors by mechanisms 

of a r t e r i a l  and venous v a s o c o n s t r i c t i o n s  ( o r  d i l a t a t i o n s ) ,  by v a r i a t i o n  of 

t h e  h e a r t  rate and by change of t h e  c o n t r a c t i l e  p r o p e r t i e s  of t h e  h e a r t  

muscle, 

T h i s  

The formula t ion  of a q u a n t i t a t i v e  theo ry  of t h e  r e g u l a t i n g  mechanism 

r e q u i r e s  a knowledge of t h e  response o r  ou tpu t  of each element i n  a g iven  

r e f l e x  as a f u n c t i o n  of t h e  frequency of nerve impulses o r  o t h e r  s t i m u l i  

( i n p u t ) .  Macey ( 9 )  has  de r ived  an equa t ion  r e l a t i n g  t h e  h e a r t  rate t o  t h e  

frequency of nerve impulses t r a v e l i n g  a long  t h e  c a r d i a e  nerves.  His 

equat ion  r e l a t i n g  t h e  e x c i t a t o r y  state @ o f  t h e  h e a r t  and t h e  i n t e n s i t y  S ( t )  

of t h e  s t i m u l a t i n g  agent  i s  of t h e  form 

de = cp[S(t)] - K@ d t  

where 'p i s  a func;ion cf S ( t )  

and K i s  a cons t an t  

PI 

A equa t ion  r e l a t i n g  h e a r t  rate and f r e q u e n c i e s  of nerve impulses 

t s a v e l i n g  down t h e  vagus and sympathetic nerves ,  has  been ob ta ined  from 

e quat i o  1-t [ 4 ) ,  Macey (op. cit.  1. T h i s  r e l a t i o n s h i p  Is g r a p h i c a l l y  i l l u s t r a t e d  

i n  F igure  12. 

52 



Vs: Sympathetic Ner e 

s t i m u l a t i o n  ( impulses / sec)  
s o 0  

n 

(II 
*\ 

4.0 

3 
$ 3,O 
m 
a, 
Y 

d 
Y 
Ll 

X 

v 

I$ 2.0 

8 1.0 

0 

0 2 4 6 8 10 12 
Vagus Nerve S t imula t ion  ( impu l ses / s sc )  

FIGURE 12 HEART RATE VERSUS FREQUENCY OF STIMULHLLON 

Analog s imula t ion  has  been performed on t h e  ba ro recep to r  feedback 

mechanism by Warner (8). I n  h i s  s tudy ,  v a r i a t i o n s  i n  p r - . . su re  were 

induced by varying t h e  flow. 

ing t h e  vagus nerve. 

The v a r i a t i o n  i n  f low was induced by s t i m u l a t -  

141 S t u d i e s  on t h e  c a r o t i d  s i n u s  have y i e l d e d  an  equa t ion  similar t o  

The r e l a t i o n s h i p  between t h e  output  frequency on t h e  c a r o t i d  s i n u s  and t h e  

hemodynamic p res su re  on t%e c a r o t i d  s i r is  i s  

where 

K, and Ka are c 0 n s t a n . s  

s 

p 
p i s  t h e  rdnimum s t a t i c  p res su re  capabl of producing s t imu lus  of 

i s  t h e  frequency cf impulses on  t h e  c -cro t id  s i n u s  nerve 

i s  t h e  p re s su re  i n  t h e  c a r o t i d  a r t e r y  

0 

t h e  c a r o t i d  s i n u s  vasopressor  mechanisn; 

Mathematical L tudies  on p res su re  r e c e p t o r s  ?'.n t h e  ao r t i c .  a r c h  and a t r i a  

Lave not  been conduci ed. 

p re s su re  r e c e p t o r s  behave s i m i  l .arly, 

,Howover, most i n v e a z i g a t o r s  have assurtiad t h a t  a l l  
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The vascu la r  system c o n s i s t i n g  of t h e  volune compliance, arterial ( C  1 

can be s i m i l a r l y  
a 

and venous t C  I ,  sepa ra t ed  by t h e  arteriole r e s i s t e n c e  R 

modeled by t h e  approximate r e l a t i o n s  
V S' 

where 

pa i s  t h e  arterial p r e s s u r e  

pv is  t h e  venous p re s su re  

s i s  t h e  p u l s e  f requency of t h e  vasoconductor nerves  

Q is t h e  volume f l o w  of t h e  h e a r t  

K is  a cons tan t  

S ince  t h e  degree of r e g u l a t i o n  excerc ised  by p res so recep to r s  is  governed by 

p r e s s u r e  d i f f e r e n t i a l s  across t h e  components of t h e  blood conducting system, 

t h e i r  phys i ca l  support  p l a y s  an important role a t  impact. 

4.1.3 Comprehensive Model of t h e  CVS 

I n  developing a comprehensive model of t h e  CVS v a l i d  fo r  impact 

i n j u r y  a n a l y s i s ,  t h e  blood conducting and r e g u l a t i n g  system must be  accounted 

f o r  i n  a u n i f i e d  manger. 
3 

A s impl i f ied  r e p r e s e n t a t i o n  of such a model, 

ob ta ined  by lumping t h e  blood conducting components and t h e  r e f l e x  elements 

of t h e  CVS, i s  shown i n  F i g u r e 1 3 ,  
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L ELASTIC 
TRANSFER 

FUNCTION 
b 

HEMODY MMIC 
TRANSFER 

F UNCTl ON 
INPUT 

Y 

FOZCING 
FUNCTION 

I t BARORECEPTOR 
REFLEX 

STlMULATl ON 
ID----.- 

4 IRREVERSIBLE I 
INJURY* 

REVERSIBLE 
INJURY 

*SEVERITY OF INJURY INCREASING 
WITH FORCING FUNCTION LEVEL 

FIGURE 13 BLOCK DIAGRAM REPRESENTATION OF THE CARDIOVASCULAR MODEL 

4.2 LIMIT CYCLE REkJ?XATIBN OSCILLATOR 

The class of d i f f e r e n t i a l  equatioils mathematical ly  r ep resen t ing  t h e  

comprehensive model (F igu re  13 1 is  re : . t r i c t ed  since t h e  v a r i a b l e s  of the  

system are governed by ba ro recep to r  rc:f l e x  s t imulj l f .on.  

i n t e r e s t  i s  t h e  van d e r  Po l  eciuation. 

to  phys io log ica l  systems was pointed 0t.t by van d e r  Po l  ( 5 3 )  who suggested 

t h a t  t h e  h e a r t  behaved l i k e  a non- l inear  r e l a x a t i o n  o s c i l l a t o r  and showed 

networks t h a t  could s imula t e  a P, R ,  and ;* wave. B r i n k s  (11) i n  h i s  

s tudy of t he  gene ra l  behavior  of the  c i r c u l n t o r y  system extended t h i s  l i n e  

of thought by assuming t h a t  t h e  e n t i r e  s y s t e n  of h e a r t  and blood v e s s e l s  

could be t r e a t e d  as a one-degree-of-freedom mechanical r e l a x a t i o n  o s c i l l a t o r .  

The modified van d e r  Pol equat ion  used i n  h i s  a n a l y s i s  i s  of t h e  form 

Of p a r t i c u l a r  

The a p p l i c a b i l i e y  of t h i s  equat ion  
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2 02 
' m i i - A 2 k + a  x s g n i c  

where 

m i s  t h e  mass of t h e  blood 

X i s  t h e  blood displacement 

~ 2 ,  2 are cons tan t s  

k i s  t h e  s p r i n g  cons t an t  

t,?, 
d 

ms. L '\ 
f i s  t h e  coulomb damping f o r c e  

+1 f o r  b o  
-1 for i i ~ o  

and sgn & = z 

Equation[8] i s  a statement  of t h e  dynamic equi l ibr ium of t h e  system, 

namely: t h e  blood motion h p a r t e d  by t h e  h e a r t  i s  r e s i s t e d  by t h e  dynamic 

f l u i d  f r i c t i o n ,  coulomb s ta t ic  f r i c t i o n ,  blood v e s s e l  e l a s t i c i t y  and i n e r t i a  

of t h e  blood mass. 

i n t e r p r e t e d  i n  t h e  fo l lowing  manner. 

p ropor t iona l  t o  t h e  energy a v a i l a b l e  t o  t h e  h z a r t  muscle. 

is  p ropor t iona l  t o  t h e  s t r e n g t h  of t h e  h e a r t  t h r u s t .  

r e p r e s e n t s  t h e  lumped r e s t o r i n g  f o r c e  ( e l a s t i c i t y  of t h e  system). 

q u a n t i t i e s  2 and f r e p r e s e n t  t h e  dynamic and static coulomb € r i c t i o n  

c o e f f i c i e n t s  of t h e  blood vesse ls .  The a d d i t i o n  of t h e  coulomb f r i c t i o n  

t e r m  provides  a s i t u a t i o n  where energy must be i n i t i a l l y  f e d  t o  t h e  system 

t o  start motion (example: h e a r t  massage). A mechanical model of t h e  ' *  

modified van d e r  P o l  r e l a x a t i o n  o s c i l l a t o r  is  shown i n  F i g u r e 1 4 .  Dynamic 

f r i c t i o t  and coulomb f r i c t i o n  c h a r a c t e r i s t i c s  are i l l u s t r a t e d  i n  F igure  15. 

The q u a n t i t i e s  i n  L I . i ~  equat ion  can be p h y s i c a l l y  

The q u a n t i t y  h2 is  asspned t o  be  

$he ve locc ty ;  

The s p r i n g  cons t an t  k 

The 

'. 

The v a l i d i t y  of t h e  r e l a x a t i o n  oscillator as a mathematical  model f o r  t h e  

CVS i s  not  d i r e c t l y  seen from t h e  p l ana r  r e p r e s e n t a t i o n  of t h e  trajectories. 

The p e r i o d i c i t y  of t h e  motion is, however, a p p a r e r t  when t h e  phase p lane  

r e p r e s e n t a t i o n  of t h e  c i r c u l a t o r y  system is  wrapped on a c i r c u l a r  c y l i n d e r  

(see Reference (12)  f o r  a d e t a i l e d  desc r ip t ion ) .  F igure  16shows two types  

of t r a j e c t o r i e s  on t h e  c y l i n d r i c a l  phase sur f  ace. 

kind are j u s t  o rd ina ry  p l a n a r  c losed t r a j e c t o r i e s  t r a c e d  on t h e  s u r f a c e  of 

t h e  cy l inde r .  Trajectories of t h e  second k ind ,  however, do not r e q u i r e  t h e  

ex i s t ence  of s i n g u l a r  po in ts .  

r ep resen t  blood motion around t h e  CVS. 

T r a j e c t o r i e s  of t h e  f i r s t  

They are wrapped around t h e  c y l i n d e r  and 
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F I G U R E 1 4  MECHANICAL MODEL OF MODIFIED VAN DER POL RELAXATION OSCILLATOR 

FIGURE 15 DYNAMIC FRICTION AND COULOMB FRICTION CHARACTERISTICS 
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TRAJECTORIES OF F I R S T  
KIND TRACED ON SURFACE f 

L SINGULAR POINT - 
TRAJECTORIES OF SECOND KIND 
TRACED ON SURFACE AND WRAPPED 
AROUND AXIS OF CYLINDER r 

t 

FIGURE 16 CYLINDRICAL PHASE O F  CIRCULATORY SYSTEM 
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The system governing equat ion  18 I can be non-aimensionaiiLed by 

d e f i n i n g  

k 
m 112 = - and T = n t  c 91 

Using t h e s e  d e f i n i t i o n s ,  equa t ion  (81  can be r e - w r i t t e n  as 

x t t  - a 2 X I  ( l - b 2 x t s g n x t )  + x + Fsgnx' = o 

where 

and primes denote  d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  7 

Equat ion [9] can be  reduced t o  t w o  f irst  o r d e r  equa t ions  
x' = v 
v t  = -x + a2v  (l-b2vsgnv) + Fsgnv = -x + cp(v) 

The l i m i t  cyc l e  and a t y p i c a l  t r a j e c t o r y  f o r  t h i s  system, obta ined  

by Lignard ' s  c o n s t r u c t i o n  (12) are shown i n  F igu re  17, 

v 

I 
-3  -2 -1 2 3 

D 7=2 
7=8 

T=L 

- 1  

L 

I - r  

-2 c. 

X 

FIGURE 17 TYPICAL LIMIT CYCLE AND TRAJECTORY FOR RELAXATION OSCILLATOR 
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t 

The l i m i t  cyc l e  r e p r e s e n t s  a s t a b l e  " s t a t i o n a r y "  o s c i l l a t i o n  of t h e  

phys ica l  system. We note-  t h a t  t h e  q u a n t i t y  ( 1-b2vsgnv 1 i h  equa t ion  1101 

i s  p o s i t i v e  f o r  small v and negat ive  f o r  l a r g e  v,i.e. t h e  r e s i s t a n c e  i s  

negat ive  f o r  small v and p o s i t i v e  f o r  l a r g e  v. Consequently, t h e  system 

releases energy f o r  small v and absorbs energy f o r  l a r g e  v, 

Before s tudying  t h e  a p p l i c a b i l i t y  of t h i s  mathematical  model t o  impact,  

t h e  e f f e c t  of d i f f e r e n t  system v a r i a b l e s  on t h e  frequency of t h e  system 

( c a r d i a c  rate) w i l l  be q u a l i t a t i v e l y  s t a t e d .  

a. 

b. 

C .  

Decreasing m i s  equ iva len t  t o  bleeding.  

pu lse  rate w i l l  i nc rease  s i n c e  t h e  l i n e a r  n a t u r a l  f requency 

of t h e  system i s  increased.  S imi l a r ly ,  a n  i n c r e a s e  i n  k w i l l  i nc rease  

t h e  n a t u r a l  f requency of t h e  system, 

It can be reasoned t h a t  t h e  -1-c 
2n 

Decreasing Q! i s  equ iva len t  t o  decreas ing  t h e  e x t e r n a l  r e s i s t a n c e  

(by d i l a t i o n  of v e s s e l s ) .  

rate w i l l  increase.  

I t - c a n  be shown a n a l y t i c a l l y  t h a t  t h e  pu l se  

Inc reas ing  h i s  equ iva l?n t  t o  inc reas ing  t h e  energy a v a i l a b l e  t o  t h e  

h e a r t  muscle. 

rate. 

t h e i r  i n i t i a l  l ength  r a t h e r  than  t h e i r  i n i t i a l  t ens ion .  Consequently 

t h e  e n d - d i a s t o l i c  volume has  a s i g n i f i c a n t  effect on t h e  p u l s e  rate. 

:. - I n i s  i n c r e a s e  of energy e e s u l t s  i n  a reduced p u l s e  

The energy a v a i l a b l e  t o  t h e  c a r d i a c  muscles i s  governed by 

4.2.1 A p p l i c a b i l i t y  of t h e  L i m i t  Cycle O s c i l l a t o r  t o  Impact 

Study of t h e  a p p l i c a b i l i t y  of t h e  l i m i t  c y c l e  o s c i l l a t o r  t o  impact 

can be made by i n v e s t i g a t i n g  i t s  p e r t u r b a t i o n  from dynamic equi l ibr ium.  

i s  worth not ing  t h a t  motion of t h e  r e l a x a t i o n  o s c i l l a t o r  dur ing- impact  . is 

not governed by t h e  m d i f i e d  van d e r  P o l  equat ion.  

by a r e l a t i o n  between cond i t ions  immediately be fo re  it and immediately 

fo l lowing  it. This  results from t h e  e x i s t e n c e  of  c e r t a i n  i n v a r i a n t s  (theorems 

of momentum and k i n e t i c  energy which are not r e l a t e d  t o  t h e  process  

d i f f e r e n t i a l  equat ion) .  

It 

Impact can be s p e c i f i e d  

The average v e l o c i t y  of blood 3 f lowing  p a s t  a p o i n t  i n  a u n i t  time 

be fo re  impact can be represented  by 



where cy i s  a cons t an t  

and T i s  t h e  per iod  of o s c i l l a t i o n  

A f t e r  impact, t h e r e  i s  a t r a n s i e n t  v e l o c i t y  change fo l lowed by a n  

impulsive p re s su re  g rad ian t .  

can be made by i n v e s t i g a t i n g  t h e  f low c h a r a c t e r i s t i c s  i n  t h e  a o r t a .  

c o n d i t i o n  f o r  back f low i n  t h e  a o r t a  i s  

A s tudy  of t h e  magnitude of t h e  p e r t u r b a t i o n  

The 

where J l l (T )  = 
0 

Q ( t )  i s  t h e  volume 

d ( t )  i s  t h e  impact 

i n  a o r t a  

f low rate be fo re  impact 

a c c e l e r a t i o n  experienced by t h e  blood stream 

7. i s  t h e  time i n t e r v a l  ove r  which F ( t )  acts 

r i s  t h e  r e s t i n g  r a d i u s  of t h e  a o r t a  

Assumed va lues  f o r  gu inea  p i g  and monkey s u b j e c t s  are: 

guinea  p ig  monkey 

r = .08 cms r = 0.50 cms 

0 

0 0 
=35 cc/min averbge Q = 350 c c h i n  

Qaverage 

We f u r t h e r  assume t h a t  t h e r e  i s  no f low i n t o  t h e  a o r t a  du r ing  d i a s t o l e  

and t h a t  t h e  s y s t o l i c  phase covers  approximately 0.6 of t h e  cyc le .  

r e s u l t ,  t h e  f low rate i n t o  t h e  aorta i s  approximately 1 cc/sec f o r  a guinea  

p i g  and 10 cc/sec f o r  n monkey sub jec t .  

A s  a 

I 121 Approximating F ( 5 1 by a cons t an t  f o r c e  F w e  o b t a i n  from equa t ion  
0' 

For a f o r c i n g  f u n c t i o n  p r o f i l e  def ined  by Fo = 100 G and T = 0.01 sec., 

w e  have 

f o r  guiiiea p i g  sub jec t s :  

= - ,0886 CW' 
n~(,08)~ x 100 x 980 
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f o r  monkey sub jec t s :  

We no te  from [14], and [15] t h a t  cons ide rab le  back Elow occur s  i n  t h e  

a o r t a  du r ing  impact bo th  f o r  t h e  guinea p i g  and monkey sub jec t s .  

For  a curved tube  such as t h e  a o r t a ,  t h e  f r i c t i o n  f a c t o r  i s  g iven  by (13) 

where f c  = curved f r i c t i o n  f a c t o r  

= r a d i u s  of t h e  a o r t a  
rO 

R = r a d i u s  of t h e  a o r t i c  a r c h  

R = Reynolds number 

For E = 6 ,  t h e  f r i c t i o n  f a c t o r  from equation[16] i s  approximately 

e 

seven times as great as i n  a s t r a i g h t  tube  i n  t h e  Reynolds number range 

of 2,000 t o  10,000. 

p a r t  05 t h e  a o r t a  i t  must f l ow through a r e s i s t a n c e  approximately seven times 

t h e  r e s i s t a n c e  at t h e  s i te  a t  which t h e  backflow o r ig ina ted .  

t h a t  w e  would expect a r a p i d  f low through t h e  branching v e s s e l s  of t h e  a o r t i c  

a r c h  a long  w i t h  an  expafision of t h e  aortic arch. 

expec t  a surge  on t h e  venous s i d e  through t h e  precava and jugulars,  As 
a r e s u l t ,  a l a r g e  amount of energy may be d i s s i p a t e d  i n  t h e  v e s s e l s  of t h e  

head and neck. 

The re fo re ,  when backflow occur s  through t h e  s t r a i g h t  

T h i s  imp l i e s  

Simultaneously,  w e  would 

Considering now t h e  l i m i t  c y c l e  r e p r e s e n t a t i o n  i n  F igure  17 , w e  
note  t h a t  impact produces a t r a n s i e n t  v e l o c i t y  change and, thereby ,  d i s p l a c e s  

t h e  p o i n t  P on t h e  l i m i t  c y c l e  t o  t h e  corresponding p o i n t  PI. 
i n j u r y  occur s ,  t h e  t r a j e c t o r y  through t h e  d i sp laced  p o i n t  PI re turns  t o  t h e  

l i m i t  c y c l e  because of t h e  i n h e r e n t  s t a b i l i t y  of t h e  mechanical o s c i l l a t o r ,  

The energy d i s s i p a t i o n  f o r  t h e  re turn  t r a j e c t o r y  i s  h ighe r  s i n c e  it acts f o r  

h ionger time. When t h e  return t r a j e c t o r y  approaches t h e  l i m i t  c y c l e ,  t h e  

energy absorbed i s  balanced by t h e  energy r e l e a s e d  and t h e  system performs 

Unless 
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FIGURE 18a LIMIT CYCLE AND TRAJECTORY 

-8 -6 -4 - 2  

I= 8' 

FIGURE 18b LIMIT CYCLE rQJD TRAJECTORY 
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V 

FIGURE 19a LIMIT CYCLE AND TRAJECTORY 

V 

v( 30vsgnv)- sgnv 

X 

FIGURE 19b LIMIT CYCLE AND TRAJECTORY 
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"stable"  o s c i l b t f o n s .  

limit c y c l e  zay be taken  9 s  a measure of t h e  s e v e r i t y  of t h e  impact l eve l .  

The t i m e  t aken  f o r  t h e  t r a j e c t o r y  t o  reach  the  

Typ ica l  l i m i t  c y c l e s  and t r a j e c t o r i e s  for  d i f f e r e n t  va lues  of system 

variables are shown i n  F igu res  18 a,b, 19 a,b. 

t h e  v a r i a t i o n s  i n  the f requency  ( c a r d i a c  rate) and h e a r t  t h r u s t  of t h e  

system w i t h  d i f f e r e n t  va lues  of dynamic f r i c t i o n ,  coulomb f r c c t i o n  and 

enzrgy t o  h e a r t  muscle. 

t i m e  dependent e lements  of t h e  t r a n s i e n t  motion of t h e  " r e p r e s e n t a t i v e  point"  

(PI) fo l lowing  impact. 

The l i m i t  c y c l e s  i n d i c a t e  

The trajectories r e p r e s e n t  t h e  d i r e c t i o n a l  and 

4.2.2 Linea r i zed  Model or' L i m i t  Cycle Oscil lator 

The governing equa t ion  of motion [8 ]  may be s i m p l i f i e d  by l i n e a r i z i n g  

I n  a d d i t i o n ,  t h e  f o r c i n g  term A2g may be rep laced  by a harmonic 

2 t h e  q u a d r a t i c  damping term CY 2 sgng and by ignor ing  t h e  coulomb damping 

term Fsgng. 

e x c i t a t i o n  F sinwt. With thase s i m p l i f i c a t i o n s ,  eqca t ion  181 reduce t  to  

m 2  + c% + kx = Fsinwt '171 
L 

Equat ion 1171 ag rees  q u a l i t a t i v e l y  w i t h  t h e  eqi iz t ion ob ta ined  by 

Malindzak and Stacy  (14). T h e i r  equat ion  r e p r e s e n t i n g  t h e  dynamic behavior  

of a mathematical  ana log  of t h e  human arterial  system i s  

where p, i s  t h e  i n p u t  

i s  t h e  ou tpu t  

M i s  t h e  lumped mass term 

V i s  t h e  lumped visc0u.s term 

and S i s  t h e  lumped s t i f f n e s s  term 

Impact of t h e  "steady state" l i n e a r i z e d  model descr ibed  by equat ion  

alters t h e  dynamic equ i l ib r ium of t h e  system. If w e  assume t h e  impact t o  

be represented  by t h e  r e c t a n g u l a r  pu l se  shown i n  F igure  20 , t h e  t r a n s i e n t  

response is g iven  by (15). 

FIGURE 20 RECTANGULAR PULSE 
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P 

k PI 

where q =E is the natural frequency of the undamped system ' = +  is the damping factor 

and 'p is the phase angle 

Malindzak and Stacy (14) in studying the transient response of the 
human arterial system have obtained a tine constant cf 0.16 see. 

represents the time for oscillations to fade away to 37% of their initial 
value . 

This value 

4.3 AORTIC DYNAMICS 
The properties of the aortic wall in vitro have been characterized by 

purely rubber-like 
(17) and Iberall and Cardon (13) .  Although both approximations have been 
useful for studying aortic dynamics, neither approach has predicted the 
flow-deformation-pressure relationships in vivo. Rushmer (181, in his study 
of pressure-circumference relations in the aorta has experimentally 
demonstrated that in the living animal the maximum dilatation is followed 

by the pressure peak. 
equation of conservation of mass [ 11. If the term /.dwin - Jdwout during 
the acceleration of flow is positive then the considered segment will 
distend resulting in a change of pressure as defined by the pressure-volume 
relation[ 21 . 

behavior by King (16) and elastic behavior by Womersley 

This finding can be explained by considering the 
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4.3.1 A o r t i c  D i l a t a t i o n  

McDonald (19)  has  g iven  an approximate equat ion  r e l a t i n g  t h e  r a d i a l  

d i l a t a t i o n  t o  t h e  v e l o c i t y  of flow. The r e l a t i o n  is 

where 3 i s  t h e  average f low v e l o c i t y  

C i s  t h e  wave v e l o c i t y  

W i s  t h e  r a d i a l  d i l a t a t i o n  

and r i s  t h e  r e s t i n g  radius 
0 

To o b t a i n  t h e  approximate r a d i a l  d i l a t a t i o n  at  t h e  junc t ion  of t h e  a o r t i c  

a r c h  and t h e  descending t h o r a c i c  aorta f o r  t h e  monkey, w e  have t h e  average 

v e l o c i t y  from equat ion  1151 dur ing  impact as 

4 
L r 21-j 

The wave v e l o c i t y  C as de f ined  by t h e  Moens - Korteweg r e l a t i o n  i s  

P21 
where p is  t h e  wall d e n s i t y  

h is t h e  a o r t i c  w a l l  t h i ckness  

E i s  t h e  Young's modulus 

Assumed va lues  f o r  t h e  monkey are: 

6 2 
E = 3.93 x 10 

h = 0.1 c m  
p = 1 gm/cm3 

r = 1/2 c m  

dynesfcm 

0 

These va lues  yie1.d t h e  wave v e l o c i t y  a t  t h e  junc t ion  of t h e  a o r t i c  a r c h  

and t h e  descending aorta 
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From equat ion  1201 and t h e  va lues  of and C from 21 and 23 I. 1 I I, we 
g e t  t h e  approximate r a d i a l  d i l a t a t i o n  as 

w = - x - =  489 0.1953 c m  
626 4 

For  t h e  monkey s u b j e c t ,  w e  t h e r e f o r e  g e t  a n  a o r t i c  d i a m e t r a l  d i l a t a t i o n  

of .40% f o r  a r e c t a n g u l a r  f o r c i n g  f u n c t i o n  of d u r a t i o n  0.Olsec and i n t e n s i t y  

LOO G. 

4.3.  A o r t i c  P K & s s ~ ~ ~ s  

A n a l y t i c a l  de te rmina t ion  of t h e  dynamic p res su res  i n  t h e  a o r t a  a t  

impact i s  d i f f i c u l t  s i n c e  t h e  dynamic response f a c t o r  f o r  a g iven  a c c e l e r a t i o n  

p u l s e  depends on t h e  n a t u r a l  f requency of t h e  system. 

, 

The maximum s ta t ic  p r e s s u r e  ( Pstatic 1 i n  t h e  a o r t a  can be obta ined  from 

t h e  r e l a t i o n  

= PA1 'static 

where p i s  t h e  d e n s i t y  of t h e  f l u i d  

and 1 i s  t h e  effective l eng th  of t h e  f l u i d  column i n  t h e  d i r e c t i o n  of t h e  

a c c e l e r a t i o n  A. 

descending aorta 

9 G (Run No. 1 ) 

Calcula ted  va lues  of pStatic a t  t h e  junc t ion  of t h e  aortic a r c h  and 

f o r  a column length  

and 15 G (Run No. 2 ) are  

of 10 inches  (25 c m )  f o r  G l e v e l s  of 

170 mm Hg 

- - 280 mm Hg 
'static 

A numerical comparison w i t h  t h e  experimental  va lues  i n  F igu res  6a and 

6b i n d i c a t e s  dynamic response f a c t o r s  of 1.35 and 1.185 r e spec t ive ly .  How- 

ever, comparisons w i t h  F igu res  8a t o  8c do not  f u r n i s h  a c o r r e l a t i o n .  

A s i g n i f i c a n t  f i n d i n g  i s  t h a t  t h e  d u r a t i o n  of t h e  p re s su re  p u l s e  i n  

t h e  a o r t a  from F igures  6 t o  8 ranges from approximately 70 t o  120 

mil l iseconds.  T h i s  t r a n s i e n t  du ra t ion  of t h e  p re s su re  p u l s e  i s  confirmed 

by t h e  l i m i t  cyc l e  o s c i l l a t o r  phase p lane  t r a j e c t o r i e s  (F igures  18 and 19) 
which p r e d i c t  recovery i n  time d u r a t i o n s  t h a t  are small i n  comparison w i t h  

t h e  d u r a t i o n  of t h e  h e a r t  bea t .  
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4.3.3 A o r t i c  Dynamic Response 
The preceeding a n a l y s i s  i s  approximate as it i s  based on a number of 

s impl i fy ing  assumptions. 

damping i n  t h e  aortic wall. 

a o r t i c  w a l l  motion i s  non- l inea r  and behaves as a mechanical r e l a x a t i o n  

o s c i l l a t o r  wi th  t h e  modif ied van d e r  Pol equat ion  as t h e  goirerning equat ion  

of wall motion. I n  t h i s  connect ion,  Lawton's (20) d a t a  and obse rva t ions  

by Remington (21) show t h a t  t h e  e l a s tomer i c  p r o p e r t i e s  of t h e  aorta l ead  

t o  d i s s i p a t i o n  of energy i n  less than  ha l f  a second after f o r c i b l e  circum- 

f e r e n t i a l  o r  l o n g i t u d i n a l  e longat ion .  

I n  r e a l i t y  t h e r e  i s  a cons iderable  amount of 

T h i s  p o s s i b i l i t y  sugges ts  t h a t  t h e  r a d i a l  

A l i n e a r  v i s c o e l a s t i c  model of t h e  a o r t i c  w a l l ,  c o n s i s t e n t  w i t h  r e c e n t  

i n v e s t i g a t i o n s  (221, i s  shown i n  F igure  21  . The muscle f i b e r s  are taken 

t o  be p h y s i c a l l y  p a r a l l e l  t o  t h e  e l a s t i n  and co l l agen  f i b e r s .  

can be reduced t o  a s i n g l e - s p r i n g  system w i t h  v i scous  damping. 

T h i s  system 

Muscle F i b e r s  

FIGURE 21 MODEL OF BASIC COMPONENTS OF THE AORTIC WALL 

To o b t a i n  t h e  equat ion  governing r a d i a l  motion of t h e  a o r t i c  w a l l  

corresponding t o  t h i s  l i n e a r i z e d  model, t h e  a o r t a  i s  assumed t o  be a long, 

th in-wal led ,  homogeneous ana i s o t r o p i c  c i r c u l a r  s h e l l .  

Considering an element of t h e  s h e l l  as shown i n  F igure  2 2 ,  t h e  dynamic .)" 
equat ions  governing axisymmetric r a d i a l - w a l l  motion are 

FIGURE 22 RADIAL EQUILIBRIUM OF SHELL ELEMENT 
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Equilibrium 

0 

Stress-Strain 

Strain-Displacement 

where 

Nee 

e 
h 
E 
r 
0 

W 

P1 - P2 
V 

B 
P 

Eh & 
=;c: *e0 1-v 

W @ = -  

rO c261 
= Shell stress, considered constant thickness through shell 

thickness. 
= Strain 
= Shell thickness 
= Young's modulus 
= Shell radius 
= Radia 1 displacement 
= Pressure difference across shell wall 
= Poisson's ratio 
= Damping coefficient 
= Shell density 

and dots denote differentiation with respect to time 

Equation [24] accounts for the inertia of the mass of the .tissue in 
which the aorta is embedded. The quantity H in this equation is defined by 

where h, , pl and R, denote the uniform radial thickness, density and mean 
radius of the surrounding tissue. 

Substituting equations [251 and 26 in equation 1241 , and simplifying, 1 1  J 
we get 

(t)-p,( t) 
PH 

2 = p' G + @  f i+  E h w  
PH p ( l-va)Hro PI 
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Equation 1271 governs t h e  motion of a damped spring-mass system e x c i t e d  

by a fo rce ,  

can be obta ined  by Duhamel'p i n t e g r a l  (151, 
The s o l u t i o n  t o  t h i s  equa t ion  f o r  a n  a r b i t r a r y  p re s su re  pu l se  

For @ = 0, and a s i n u s o i d a l  p re s su re  p u l s e  def ined by Figure 2 3 ,  t h e  

dynamic response f a c t o r  i s  shown i n  Figure 24. 

FIGURE 23 SINUSOIDAL PRESSURE PULSE FIGURE 24 DYNAMIC RESPONSE FACTOR 

4.3.4 L a t e r a l  V ib ra t ions  of Aorta 

'In t h e  preceeding a n a l y s i s ,  t h e  axisymmetric b rea th ing  mode (expansion 
We w i l l  now proceed t o  i n v e s t i g a t e  t h e  lateral and c o n t r a c t i o n )  was s tudied .  

v i b r a t i o n s  of t he  a o r t a  where i n  each c r o s s  s e c t i o n  moves as 

Mollo-Christensen ( 2 3 )  has obtained a n  express ion  governing t h e  s t a b i l i t y  of 

wave f o r  t h e  lateral d e f l e c t i o n  of an elastic tube  embedded i n  an e l a s t i c  

medium. 

a r i g i d  body. 

His cond i t ion  f o r  wave i n s t a b i l i t y  is 

> 5 ( k2EI + T + SG + v2 
I + @  

m+Jk2 
k81 

where v2 
E1 
T 

SG 

K 

i s  t h e  ave? -ge a x i a l  v e l o c i t y  of f low i n  t h e  tube  

i s  e f f e c t i v e  f l e x u r a l  r i g i d i t y  

is t h e  axial t ens ion  f o r c e  

i s  t h e  e f f e c t i v e  s h e t r  r i g i d i t y  

i s  t h e  s p r i n g  s t i f f n e s s  oE medium i n  which tube  is  embedded 
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m i s  t h e  e f f e c t i v e  mass of tube  p e r  u n i t  l ength  

J i s  t h e  e f f e c t i v e  mass moment of i n e r t i a  of tube  

A i s  t h e  c r o s s  s e c t i o n a l  arm cf tube  

P i s  t h e  tube  d e n s i t y  

( wave 2= l eng th  1 and k is  t h e  wave number 

We no te  from t h e  i n e q u a l i t y  E t 3  t h a t  i n c r e a s i n g  blood f low v e l o c i t y  

I n  t h i s  connect ion 
! I  

\7 a t  impact i n  t h e  a o r t a  can lead t o  wave i n s t a b i l i t y .  

Mollo-Chris tensen (23 )  comments "Impediments t o k h e  t ransmiss ion ,  gene rc t ion  
and abso rp t ion  of such waves, even if t hey  are not  caused by changes i n  

geometry of blood v e s s e l s ,  may cause malfunct ioning i n  c i r c u l a t i o n .  

changes may cause l o c a l  malfunct ioning,  wh i l e  o v e r a l l  changes i n  e l a s t i c i t y  

o r  suppor t ing  s t r u c t u r e  of t h e  arteries may change t h e  e f f i c i e n c y  of 

p e r i p h e r a l  c i rcu la t ion" .  

Local  
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SXTION 5.0 

DISCUSSION 

The primary objective of the two phases which constitute this program, 
namely to develop a theoretical analog of the mechanisms of injury to the 
heart and great vessels of subjects exposed to -G, impact to the degree that 
it can be used to predict the preinjury levels (of impact), has been 
achieved. 
both the guinea pig and the monkey subjects. 
equipment, instrumentation, and response of subjects were encountered and 
resolved. The basic premise that the heart and great vessels would rupture 
was invalidated and experimental design was changed to determine the reason. 
Analytical studies conducted in Phase I1 also yielded some very interesting 
results which, as used to explain the mechanisnis of injury of the test 
subjects in Phase I, appear to be potentially valid for the mathematical 
model to predict human preinjury levels. 
and IV of the overall research should be accomplished to verify and refine 
the model before it can be applied to predict the preinjury levels for man. 

The experlments in Phase I yielded some unexpected resl.iIts for 
Many complications regarding 

However, the remaining Paases IT1 

5.1 IMPACT EXPERIMENTS 
This section presents a discussion of the results (clinical, ECG, and 

pathological) of the guinea pig and monkey runs. 

5.1.1 Guinea Pig Experiments 
This series of tests, in which numerous subjects were used in an 

exploratory manner within the scope of the project, provided information 
which, if valid for larger animals, could be useful in establishing the 
theoretical analog of the mechanisms of injury. 
goverring the impact deceleration profiles with the three velocities 
economically limited the amount of detailed information derivable from the 
tests. 
This additional data has been used in the formulation of opinions on 
generalized injury and survivability. Scattered small contusions, 
lacerations, abrasions, congestions, etc., are details recorded but not 
reported herein. 

The number of variables 

However, more data was obtained than could be reported in detail. 
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T h < , i n j u r i e s  when p r e s e n t ,  a t  t h e  20 f t / s e c  v e l o c i t y  change were 

cons idered  t o  be minor. 

60 f t l s e c  increased  i n  s e v e r i t y  a long  wi th  t h e  s e v e r i t y  of impact, w i t h  

s e v e r i t y  i n  both i n s t a n c e s  being d i f f i c u l t  t o  de f ine .  To visua.2ize t h e  

r e l a t i o n  of t h e  impact v a r i a b l e s  and s u r v i v a b i l i t y ,  a b a r  chart: i s  shown 

i n  F igu re  25. 

AV of 60 f t / s e c .  

20 f t / s e c .  

r e s p i r a t o r y  i n f e c t i o n  i n d i c a t i n g  t h a t  s u r v i v a l  l i m i t s  can be a l t e r e d  con- 

s i d e r a b l y  by such i n f e c t i o n s .  

c e n t r a l  nervous systeK, and t h e  l a r g e  blood v e s s e l s  i n  t h e  neck are areas 

of a c u t e  s e r i o u s  i n j u r y  a t  t h e  h ighe r  l e v e l s  of G and d u r a t i o n  of G (AV). 

I n j u r i e s  a t  v e l o c i t y  changes of 40 and 

The t h r e s h o l d  o f  non-surv iva l  appears  t o  be 80-100 G a t  

Two animals  d i d  e x p i r e  pos t  run  a t  40 G w i t h  a AV of 

However, t h e s e  two animals  d e f i n i t e l y  were s u f f e r i n g  from a 

The g r o s s  pathology i n d i c a t e s  t h a t  t h e  lungs,  

Ana lys i s  of t h e  c l i n i c a l  r e s u l t s  ob ta ined  r e v e a l s  t h a t  a t  a v e l o c i t y  

change of 20 f t / s e c  a l l  t h e  su rv ivo r s  appeared normal af ter  t h e  run. 

Evidence of damage t o  t h e  CNS producing c l i n i c a l  symptoms was noted i n  t h e  

test s u b j e c t s  a t  a v e l o c i t y  change of 40 f t /sec a t  a h ighe r  G l e v e l s .  

a v e l o c i t y  change of 60 f t / s e c ,  62 pe r  c e n t  of 77 s u b j e c t s  t e s t e d  presented  

one o r  more symptoms of neu ro log ica l  damage. Comparison of t h e  t h r e e  groups 

tests a t  100, 120 and 140 G ,  i n d i c a t e s  t h a t  t h e  rate of onse t  may be  a 

c o n t r i b u t o r y  f a c t o r  i n  producing t h e  symptoms as t h e r e  i s  a n  i n c r e a s e  i n  t h e  

percentage  of s u b j e c t s  showing neuro log ica l  man i fe s t a t ions  a t  an  onse t  

rate of 20,000 G/sec. Trauma to t h e  limbs of t h e  test s u b j e c t s  post run  

was also observed, which r e s t r i c t e d  mob i l i t y  dur ing  pos t  run  examination. 

A t  

Bradycardia of vary ing  degrees  i s  a c o n s i s t e n t  f i n d i n g  throughout 

t h e  series. While p re sen t  even a t  t h e  lowest G l e v e l s  used, i t  dec reases  

s l i g h t l y  a t  h ighe r  v e l o c i t y  changes, bu t  i s  more seve re  when p r e s e n t  (F igu res  

26 and 27). 

d i a l  damage, a u r i c u l a r  f l u t t e r ,  a t r i o v e n t r i c u l a r  block, e x t r a s y s t o l e s ,  and 

a s y s t o l e )  were noted, The t r a n s i e n t  n a t u r e  of t h e s e  f i n d i n g s  i s  i n d i c a t e d  

by t h e  f a c t  t h a t  s u b j e c t s  on reexposure showed no s i g n i f i c a n t  d i f f e r e n c e s  from 

t h e  s i n g l e  exposure s u b j e c t s  a t  t h e  same l e v e l ,  

of a t r a n s i e n t  n a t u r e  they may be i n d i c a t i v e  of o r  c o n t r i b u t e  t o  c a r d i a c  

l e s ions ,  Changes i n  t h e  ST segment due t o  "cu r ren t  of i n j u r y , "  i n d i c a t i n g  

subendocard ia l  damage, i nc reased  w i t h  G from in f requen t  a t  AV of 20 f t / s e c  t o  

Other changes i n  EGG p a t t e r n  pos t  run  (ev idence  of subendocar- 

Because t h e s e  f i n d i n g s  are 
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common a t  t h e  h ighe r  v e l o c i t y  changes ( f i g u r e  28). T h i s  i n d i c a t e s  p o t e n t i a l  

permanent ca rd iac  l e s i o n s  may be incu r red  and, as such, i s  a n  unknown worthy 

of i n v e s t i g a t i o n .  Conversely,  perhaps -G impact can be used t o  induce a 

c a r d i a c  " s t r a i n "  i n  experimental  animals  used as s u b j e c t s  i n  c a r d i a c  research .  

Cardiac l e s i o n s  induced by such s t r a i n  may be p rogres s ive ly  s e r i o u s  depending 

upon,many v a r i a b l e s ,  Ven t r i cu la r  tachycard ia  i s  considered t o  occur  due to  

development of a r a p i d l y  d ischarg ing  f o c u s  i n  t h e  myocardium. 

arrhythmia i s  converted as soon as poss ib l e ,  m o r t a l i t y  rates are expected t o  

be very  high. Ven t r i cu la r  f i b r i l l a t i o n  is a f a r  more s e r i o u s  cond i t ion  than 

v e n t r i c u l a r  tachycard ia  and may poss ib ly  be converted i n t o  a s i n u s  rhythm by 

d e f i b r i l l a t i o n .  

Z 

Unless such 

5.1.2 Monkey Experiments 

These experiments w e r e  more informat ive  due t o  t h e  body shape, i n -  

c reased  s i z e ,  and ca rd iovascu la r  r e f l e x e s  of t h e  subjec t .  

more d i r e c t  information on t h e  problem of -Gz impact exposure of man. 

of t h e  test s u b j e c t s  (Macaca speciosa) exposed t o  t h e  -G impacts surv ived ,  

even though some w e r e  re ixposed s e v e r a l  times as shown under pathology. One 

s u b j e c t  after mul t ip l e  exposures has  been h e l d  f o r  s e v e r a l  months and shows 

no subsequent s i g n s  of ill hea l th .  

t h e  pathology of t h e  s u b j e c t s  i n d i c a t e  that  t h e  i n j u r i e s  i ncu r red ,  even a t  

h ighes t  G and h ighes t  v e l o c i t y  change (60  f t / s e c ) ,  were r e v e r s i b l e .  

c a r d i a ,  un l ike  t h e  guinea p i g  experiments,  w a s  produced c o n s i s t e n t l y  only  

a t  high G l e v e l s  at AV of 60 ft/sec. T h i s  i n d i c a t e s  t h a t  cons iderable  

v a r i a t i o n s  may e x i s t  i n  t h e  spec ie s  of test s u b j e c t s  s e l e c t e d  and t h a t  

s u b j e c t s  r ep resen t ing  man will r e q u i r e  c a r e f u l  s e l e c t i o n .  

l a r g e  v e s s e l s  t o  r u p t u r e  under -Gz impact w a s  determined t o  be due t o  a 

"pro tec t ive"  i n t r a t h o r a c i c  counterpressure.  

t h i g h s  a t  h igher  l e v e l s  of G caused f r a c t u r e  of t h e  femur when t h i s  po r t ion  

of t he  r e t e n t i o n  lo.ad was too high. 

T h i s  provided 

A l l  

2 

The c l i n i c a i  s i g n s  and symptoms and 

Brady- 

F a i l u r e  of t h e  

R e s t r a i n t  of t h e  t o r s o  by t h e  

Mul t ip l e  Exposures - The e f f e c t s  of m u l t i p l e  exposure t o  -GZ impact are 

shown by comparing pa tho log ica l  f i n d i n g s  i n  f i v e  s u b j e c t s  wi th  s i n g l e  two 

wi th  two, f o u r  wi th  t h r e e ,  one wi th  f o u r ,  and two wi th  s i x  exposures. 

l e s i o n s  of major concern are pulmonary hemorrhage, hematoma around tho rac i c  

v e r t e b r a ,  and l a c e r a t i o n  of i n t e r n a l  organa. 

severe  a t  t h e  h igher  G l e v e l s  (280, 300, and 325) a t  a v e l o c i t y  change of 

The 

Pulmonary hemorrhage was 
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60 f t i s e c  as evidenced by s i n g l e  exposure and i n  one case of m u l t i p l e  

exposures  i n  which t h e  f i n a l  exposure was at  300 G .  

exposures  a t  a lower v e l o c i t y  change were exposed a t  200 G w i t h  AV of 60 

f t /sec,  

s u b j e c t  w i t h  low m u l t i p l e  exposures,  bu t  w i t h  a f i n a l  exposure at  1G6 G wi th  

AV of 60 f t / s e c  showed no pulinonary hemorrhage. Only one s u b j e c t  showed such 

hemorrhage af ter  impact a t  250 G w i t h  40 f t / sec  v e l o c i t y  change fo l lowing  s i x  

prev ious  exposures a t  lower G .  

lower l e v e l s  i n d i c a t i n g  a s u r p r i s i n g l y  h igh  th re sho ld ,  even on m u l t i p l e  

exposures. Hematoma around t h o r a c i c  v e r t e b r a ,  s eve re  t o  moderate, c l o s e l y  

p a r a l l e l s  occiirance of pulmonary hemorrhage. 

s eve re  "buckling" of t h e  t o r s o  i n  t h i s  area i n j u r i n g  both t h e  lungs and t h e  

s p i n a l  column. 

was not  determined i n  t h i s  exp lo ra to ry  p r o j e c t ,  a l though,  t h e  s p i n a l  segments 

were saved f o r  p o s s i b l e  f u t u r e  s tud ie s .  Lacera t ions  of i n t e r n a l  organs  were 

noted,  once i n  t h e  l i v a r  after a n  exposure of 280 G at AV of 60 f t /sec,  once 

i n  t h e  sp leen  a t  250 G at AV of 40 f t / s e c ,  and once i n  t h e  lungs at  280 G 

at AV of 60 ft/sec. 

l a c e r a t i o n s ,  occurred i n  two s u b j e c t s  w i t h  s i n g l e  runs  at h igh  G (300 and 

325) w i t h  AV of 60 f t l s ec  and i n  one m u l t i p l e  test i n  which t h e  f i n a l  

exposure was 170 G w i t h  a AV of 60 ft/sec. 

t h e  mid-lobe of t h e  r i g h t  iung fo l lowing  a f i n a l  exposure of 450 G wi th  

AV of 40 f t / s e c .  

Two monkeys w i t h  p r i o r  

One showed seve re  pulmonary hemorrhage b u t  t h e  o t h e r  d i d  not. One 

Pulmonary hemorrhage w a s  no t  observed a t  

T h i s  may be i n d i c a t i v e  of 

The exact na tu re  and e x t e n t  of i n j u r y  t o  t h e  s p i n a l  column 

Col lapse  of t h e  lungs o r  p o r t i o n s ,  i n d i c a t i v e  of 

One s u b j e c t  showed c o l l a p s e  of 

Bradycardia has  been considered as a warning s i g n  of p o s s i b l e  i n j u r y  

as t h e  l e v e l  and d u r a t i o n  of -G, impact are increased.  The i n j u r i e s  

observed a t  t h e  necropies  appear  t o  be r e v e r s i b l e  i n  c h a r a c t e r  and are 

be l ieved  t o  be  due t o  d i r e c t  loading dur ing  t h e  impact. However, t h e s e  

s t u d i e s  show t h a t  bradycard ia  may be a concurren t  f i n d i n g  w i t h  moderate 

t o  seve re  i n j u r y ,  e s p e c i a l l y  of t h e  lungs,  i n  t h e  Macaca spec iosa .  The 

l e v e l  and du ra t iun  of G r equ i r ed  t o  produce bradycard ia  i n  t h i s  monkey i s  

most i n t e r e s t i n g ,  appearing t o  be  based on a d e f i n i t e  l e v e l  of energy 
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* 
t r a n s f e r  as shown i n  t h e  log lag  r e p r e s e n t a t i o n  of Gmean 

du ra t ion  (F igure  2 9 ) .  

guinea p igs ,  s i n c e  it was produced even at t h e  lowest l e v e l s  used and well 

below t h e  i n j u r y  l eve l s .  

ca rd iovascu la r  r e f l e x  mecltanisms of animals  t h a t  walk on a l l  f o u r s  and thosz 

holding t h e  torso erect. 

same r e f l e x  s e n s i t i v i t y  as man and could be used t o  pursue the s tudy  of 

bradycardia  as a s i p  of p r e i n j u r y  l e v e l  i n  -GZ exposure. 

ve r sus  impact 

N o  such th re sho ld  of bradycardia  was observed i n  t h e  

The ques t ion  arises as t o  t h e  s e n s i t i v i t y  of 

Perhaps those  having erect pos tu res  may have t h e  

Severe b r a d y c a r . i a  was found t o  be concurrent  w i th  severe pulmon- 

a r y  hemorrhage i n  Zive o u t  of f i v e  test and i n  which ECG was obtained.  

Hematoma ar0ur.d the  t h o r a c i c  v e r t e b r a  w a s  observed i n  f o u r  ou t  of s i x  tests 

i n  which a n  ECG showing seve re  bradycard ia  w . 3 ~  obtained,  I n  t w o  tests when 

seve re  pulmonary hemorrhage and t h o r a c i c  . ve r t eb ra l  hematoma occurred no 

ECG w a s  obtained. I n  one in s t ance ,  s eve re  bradycard ia  occurred without  

e i t h e r  t h e  hemorrhage or  t h e  hematoma. Thus, it i s  be l ieved  t h a t  t h e s e  

i n j u r i e s  and severe  bradycard ia  occur  concurren t ly  dur ing  exposure t o  -G, 

impact at  t h e  same l e v e l  of energy t r a n s f e r  of AV = 60 ft/sec. 

The r e s u l t s  of t h e s e  tests and a r a t h e r  ex tens ive  review of t h e  litera- 

t u r e  i n d i c a t e s  t h a t  dur ing  -G impact ,  t h e  s t i m u l i  which in f luence  t h e  vaga l  

tone  t o  produce bradycard ia  need not  come exc lus ive ly  from t h e  ba ro recep to r s  

i n  t h e  a o r t i c  a r ch  and c a r o t i d  s inus.  

conten t ion  t h a t  bradycardia  so produced would be abol i shed  by e i t h e r  

s u r g i c a l  or pharmacological vagatomy. 

z 

Ample evidence e x i s t s  t o  support  t h e  

Slowing of t h e  h e a r t  rate of human s u b j e c t s  immediately fo l lowing  

impact  wi th  a -Gz v e c t o r  component w a s  noted by Brown (1): "The g r e a t e r  

t h e  nega t ive  z r e s u l t a n t  t h e  greater t h e  average slowing of t h e  h e a r t  rate". 

The h e a r t  rate decreased sharp ly  a t  impact and g radua l ly  r e tu rned  t o  

.--I-- - 
G - * 

i s  def ined  by t h e  r e l a t i o n  
------ Gmean (5 t l  + h . 1  G 

Gmean = G (tl + t,) 
where G i s  t h e  peak f o r c e  

and ta i s  t h e  du ra t ion  of t h e  peak f o r c e  
t, i s  t h e  onse t  du ra t ion  

. 

79 



1000 

5 100 
z 

(3 

8 
8 

- - - - 
- 
m 

- 

- 

- 

- - 
- 
w 

- 
- 
- 
- 

A Tachycardia (Moderate to Severe)  

Bradycardia (Moderate to Severe)  
- A Tachycardia (MinLmal) 

0 Bradycardia (Minimal) 

0 No Change 

A 

A m  

0 

0 

Impact Duration (msec) 

0 

Am 
0 
& 

0 

FIGURE 29 BRADYCARDIA THRESHOLD I N  YOUNG MACACA SPECIOSA EXPOSED 
TO -G, IMPACT I N  SEATED POSTURE I N  GOOD SUPPORT AND 
RESTRAINT SYSTEM 

60 



preimpact levels in 5 to 20 seconds, except for the full -GZ orientation 
which was limited to exposure in the lower range to approximately -10 G 

2. 

These two subjects showei L 20% ezcrease in heart rate. However, these 
tests also show bradycardia with lateral orientations from 15 to 30 G but 
to a lesser degree than when a -Gz vector is present. 
lateral orientations bradycardia was noted in the 15 to 30 G range, whereas 
the lower range of 10-15 G caused an increase in heart rate. This indicates 
the presence of both the cardioaccelerator and cardioinhibitor stimuli 
with overriding by the cardioinhibitor stimuli at the higher G range. 

With most of the 

The "sinus tachycardia", attributed to anxiety and probably associated 
with transient sharp pain, was noted by Headley ( 2 4 )  in simulated B-70 
capsule ground impact tests. 
upright were exposed to controlled deceleration'profiles up to 35 G with 
the forcing function directed positions within a 90 degree cone, e.g. within 
45' of vertical. 
of Weis (25) in the same "cone" of orientations using human subjects up to 
27 G showed only a few subjects having any remarkable events as recorded 
by ECG, three with premature ventricular contractions (several) and one with 
bradycardia for five seconds following impact with all conditions being 

considered tolerable, 

In these experiments, human subjects seated 

This was not considered deleterious. The extensive tests 

The initiation of the reflexes which produce the bradycardia is probably 
from stimulated baroreceptor endings of afferent nerve fibers in the carotid 
sinus and the aortic arch. 
is of particular interest in this -G, impact study since the effects of the 
short duration and the high levels of the pressure pulses associated with the 
impacts upon the baroreceptor mechanism(s1 are unknown. 

and Stella, as referenced by Heymans and Neil (26), is of great interest 
in this study since they showed the effect of both the increase in the level 
and the rate of change of pressure, although in nluch longer periods of time 
and much smaller pressure changes, 
-G stress are discussed in more detail in the Appendix. 

The behavior of the baroreceptor endings 

The work of Eronk 

These reflexes and other responses to 

Z 

5.2 MECHANICAL ASPECTS OF IMPACT INJURY 

Injury produced by impact accelerations is caused by the dynamic visco- 
elastic response of internal organs and hydraulic and pneumatic pressure 

81 



(volume) 
it is necessary to investigate the mechanical forces at impact.. 

mechanical forces are of two types; transient body forces (inertia force/body 
volume) and transient surface tractions (force/surface area?. 

changes in the flow system. To define mechanisms of such injury, 
These 

Transient body forces from inertial loading cause injury by inertial 
deformation and/or flow. 

tissue distortion, and hemorrhage. Damage is primarily caused by shear 
distortion., tension, compression, bending, hydraulic and pneumatic loading, 
and rotatory inertial effects. Transient surface tractions from restraint 
and other surface loadings are in dynamic equilibrium with the body forces. 
The surface energy potential produces hemorrhage, contusions, and, in some 
cases, organ laceration. In general, for a given acceleration profile, 
organs with very low natural frequencies have dynamic response factors of 
less than unity, while the dynamic response factors are greater than unity 
for organs with natural frequencies near or above the forcing frequencies. 

The energy of body forces produces organ laceration, 

Dynamic nydr-*-lic and pneumatic pressure imbalances result from surface 
and body forces. Transient pressure imbalances account for a redistribution 
of blood volume withir? tissues, areas of hemorrhage, ischemia and shock. 

The following discussion deals with analytical considerations of experi- 

mental findings in an attempt to evaluate mechinisms of injury or non-injury. 

5.2.1 Aortic Non-Rupture 

The failure of the aorta to rupture at high -G, impact accelerations 
can be explained by reviewing current investigations and considering the 
possible stresses that can produce an aortic rupture. 

Roberts (27) has shown that pressure surges and blcod pressure levels 

arising from blunt trauma of the thorax are not responsible for aortcc rupture. 
They attribute tears of the sorta and great vessels to the displacement of 
the heart into the left chest. According to Murdock, cited by Evans (281, 

"the forces responsible for closed injury to the aorta are (a) inertia or 
ldragt resulting from sudden deceleration, and ( b )  compression with momentary 
disruption of an open circu1.ation. The inertia force exerted on the blood 
column either directly or in a torsional plane, produces frictional forces 
which cause wrinkles, tears, or cracks in the aortic int4ma.I' 

82 



In general, the stresses responsible for aortic rupture are: 

a. Longitudinal stresses acting in a direction perpendicular to the 

cross-section of the aorta. 
stresses resulting from the movement of the heart.. 

These stresses are further augmented by tensile 

b. Transverse stresses acting in the plane of the circular cross-section 
In the curved segment of the aorta, of the aorta parallel to the aortic wall.. 

part of this stress results from the transverse bending of the aortic wall 
as it becomes elliptical in shape. 

C. Shear stresses in the aortic wall which result from a combination of 
the following loading conditions; externally imposed torsional loads, 
externally imposed shear loads, and out of plane bending moments. 

The fact that the great vessels did not rupture in the -G, impact experi- 
ments is conjectured to be due to a concommitant increased intrathoracic 
pressure and experimental evidence has been obtained to sustain this thecry. 
Figures 8a, b, and. c conclusively demonstrate that the transient aortlc 
pressures are externally compensated by the intrathoracic pressures. 
sequently, the pressure diiferential across the aortic wall is minimized, 
thereby minimizing longitudinal and transverse stresses in the aorta. Since 
localized trauma is absent, bending moments and torsional and shear loads 
are non-significant and 

Con- 

there is no shear deformation of the aortic wall. 

5.2.2 Pulmonary Injury 
The incidence of pulmonary injury of various degrees in the guinea 

p i g  and monkey subjects C.i . exposed to -Gz impact accelerations suggests that 
injury is caused by the dynamic interplay of hydraulic and pneumatic 
pressures. 

Dynamic analysis of the mechanisms of pulmonary injury is difficult 
because it depends on several factors, namely geometric configuration, 
properties of distributed mass and viscoelastic elements, and coupl.ing 
of longitudinal and lateral motion of elements. 
point of view, the abdomen can be assumed as a fluid filled container in 
series with the d,aphragm, while the chest wall may be considered a s  divided 
into two elements operating in parallel, the rib cage and the abdomen-dia- 
phragm. Hence, the static pressures are related by 

From a purely mechanical 

'chest wall = Prib cage = Eabdomen + Pdiaphragm 
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A s  a r e su l t ,  t h e  s ta t ic  volume Change due t o  t h e  abdomen-diaphragm movement 

p l u s  th. s t a t i c  volume change due to  t h e  r i b  cage movement y i e l d s  t h e  

s t a t i c  volume change conta ined  w i t h i n  ;he c h e s t  wall, 

According t o  Mead ( 2 9 ) ,  dynamic p r e s s u r e  volume r e l a t i o n s  of v a r i o u s  

components of t h e  r e s p i r a t o r y  sys t em can be s t a t e d  i n  t h e  g e n e r a l i z e d  form 

f (VI is  a f u n c t i o n  d e s c r i b i n g  t h e  p o s i t i o n a l  (e las t ic i ty ,  1 where 

g a s  c o m p r e s s i b i l i t y ,  weight,  surfa+ce t e n s i o n )  component 

of mot ion ,  . 
f (VI is  a f u n c t i o n  d e s c r i b i n g  t h e  f r i c t i o n a l  resistai.ce of 

2 and 

flowing f l u i d s  and moving s o l i d s ,  .. 
f (VI i s  a f u n c t i o n  desc r ib ing  i n e r t i a  of a l l  masses being 3 

acce le ra t ed .  

Equation1291 i s  analogous t o  t h e  equat ion  governing motion of a s p r i n g  mass 

wi th  t h e  displacemont being expressed as volume and t h e  p r e s s u r e  as force. 

The i n t r a t h o r a c i c  p r e s s u r e  p r o f i l e s  i l l u s t r a t e d  i n  F igu res  7 and 8 demonstrate 

t h i s  sp r ing  mass c h a r a c t e r i s t i c  fo l lowing  impact. 

A t  impact, t h e  t r a n s i e n t  p re s su re  head of t h e  f l u i d  column a c t i n g  on 

S ince  t h e  f o r c i n g  f u n c t i o n  t h e  diaphragm and t h e  i n t r a t h o r a c i c  pressure .  

d u r a t i o n  i s  small, t h e  i n t r a t h o r a c i c  p r e s s u r e  i n c r e a s e  i s  p o s s i b l y  governed 

by an a d i a b a t i c  r e l a t i o n  and the p r e s s u r e  p r o f i l e  i s  similar t o  a series of 

b l a s t  pulses.  

t h o r a c i c  p re s su re ,  i s  deformed l a t e r a l l y  and l o n g i t u d i n a l l y  i n t o  a f r u s t r u m  

of a cone w i t h  an  inc reased  ang le ,  as shown i n  F igu re  30. 

provided by t h e  r e s t r a i n t  and t i s s u e  e l a s t i c i t y  l i m i t s  t h e  amount of such 

change , 

The volume of t h e  t h o r a c i c  c a v i t y ,  governed by t h e  i n t r a -  

The . r e s t o r i n g  f o r c e  

The major mechanisms r e s p o n s i b l e  f o r  pulmonary i n j u r y  under t h e s e  

cond i t ions  may be s p a l l i n g  and implosion, 

i t y  of air  spaces  and a d e p a r t u r e  of t h e  lung s u r f a c e  energy from i t s  

minimum value. 

These mechanisms lead t o  i n s t a b i l -  

J( 
The s p a l l i n g  e f f e c t  i s  a phenomena wherein shock f r o n t s  

* 
An equ i l ib r ium state of t h e  lung s u r f a c e  i s  reached o n l y  when the surface 
energy i s  a minimum f o r  t h o  cond i t ions  of r e s t r a i n t  imposed by t h e  conf igur -  
a t i o n  of elastic f i b e r s  and a pres su re  d i f f e r e n c e  a p p l i e d  t o  t h e  lungs. 

a4 



r4 

n 
N 

8 a 
I 

W 

n sc 
9 + 
W 

0 ii 
x 

E 
w 

85 



t r a v e l i n g  to  t h e  per iphery  are r e f l e c t e d  back a t  t h e  junc t ion  of two media 
of d i f f e r e n t  d e n s i t i e s .  The implosion e f f e c t  relates t o  t h e  events which 

fo l low a small de tone t ion  i n  f l u i d  wi th  g a s  bubbles,  

t he  bubbles,  they behave as l o c a l i z e d  exp los ive  sources.  S ince  t h e  mechanisms 

of s p a l l i n g  and implosion are a c t i v e  a t  t h e  junc t ion  of t i s s u e s  of d i f f e r e n t  

d e n s i t i e s ,  t h e  l e s i o n s  occur r ing  a t  t h e  junc t ion  between t h e  a l v e o l a r  

t issue and t h e  vascu la r  and t h e  b ronch ia l  trees can be a t t r 6 b u t e d  t o  t h e s e  

phenomena, 

When t h e  shock reaches  

S p a l l i n g  a r m  implosion are concluded t o  be t h e  major cause of i n j u r y  i n  

b l a s t  by Schrrd in ,  as r e fe renced  by White (31). 

from air  and water b l a s t  p u l s e s  has  been s t u d i e d  by s e v e r a l  i n v e s t i g a t o r s  

(321, (33).  

of water b l a s t  are more c l e a r l y  def ined  than  t h e  a i r  b l a s t .  For  such tests,  

dogs, r a b b i t s ,  rats, sheep and c a l v e s  have been used as exper imenta l  s u b j e c t s .  

The most c r i t i c a l  f a c t o r  t h 6 t  emerges from these s t u d i e s  i s  t h a t  f o r  t h e  

same f o r c i n g  f u n c t i o n  t h e  pa tho log ica l  f i n d i n g s  does not  v a r y  much wi th  

t h e  spec ies .  

t o  i n j u r y  of young c a l v e s  i s  not s i g n i f i c a n t l y  g r e a t e r  t han  t h a t  of smaller 

aiiimals. Therefore ,  it may be assumed t h a t  q u a n t i t a t i v e l -  similar patho- 

l o g i c a l  l e s i o n s  may occur i n  Iiumans. 

The pathology incu r red  

Most of t h e s e  inves t ig ,n to r s  agree t h a t  t h e  p h y s i c a l  p r i n c i p l e s  

According t o  Desaga, a s  c i t e d  by Ross le  (32),  t h e  s u s c e p t i b i l i t y  

5.2.3 I n j u r y  t o  t h e  C e n t r a l  Nervous System 

Concussion i s  a v i o l e n t  jar o r  shock, o r  a cond i t ion  which r e s u l t s  

2 
from i t ,  and w e  must expect a l l  symptoms o r  i n j u r i e s  r e s u l t i n g  from t h e  -G 

impacts t o  be those  of concussion, e.g., concussion of t h e  b r a i n ,  s p i n a l  

cord,  lungs,  e t c .  

( a )  d i r e c t  mechanical d i s t o r t i o n s  and ( b )  i n d i r e c t  pos t  impact e v e n t s  o r  

r eac t ions .  Denny-Brown (34 )  and T r o t t e r  (35 )  b e l i e v e  t h a t  d i r e c t  mechanical 

e f f e c t s  on t h e  nerve c e l l s  g i v e  rise t o  t h e  p a r a l y t i c  and o t h e r  neu ro log ica l  

man i fe s t a t ions  of concussion, D i f fuse  c e r e b r a l  i n j u r y  by hydkaul ic  p re s su re  

T b  i n j u r i e s  g iv ing  rise t o  t h e  symptoms could b e  dge to: 

.F &. 

changes as advanced by Moritz (36 )  i s  probably a combinat im u t  both d i r e c t  

and i n d i r e c t  post impact e f f e c t s .  

impact c i r c u l a t o r y  d i s t u r b a n c e s  are d i scussed  by Cannon and S c o t t ,  as 

re ferenced  by Moritz (36).  

d i r e c t  and i n d i r e c t  mechanism of i n  ju ry ,  

I n d i r e c t  e f f e c t s  sitch as thus& by pos t  

Gurdjian (37 )  provides  a broad d i s c u s s i o n  of bo th  

Judglng from t h e  interpla: .  of f o r c e s  



associated with impact, both the direct and indirect mechanism of injury 
which lead to neurological manifestations, are compleA and will be the 
subject of mary reports of basic investigations now i n  process and in the 
future. 
i.e., +G impacts may cause some or all of these injuries, depending CII  

the energy. 

These injuries need not be caused by -G impact only t o  be germain, z 

- X,Y,Z 

Injury to the brain can be explained by considering the two eost  

fundamental states of strain, namely, dilatational and distortional. In 
these experimants of whole body deceleration during -C 
restrained laterally only by soft material, distortion of the skull is 
mi;iimized and the dilatational mode is limited tr; the potential volume 

disparity at tne atlanto-occipital joint. Since the bulk modulus of the 

impact, with the head z 

brain is very high (close to water! and its shear modulus (viscosity 20 
dynes-sec/cm 1 relatively lsw, damage is presumably small when the rotation 
of the brain (distortional mode) within the cranial cavity is limited or 

minimized. 

2 

In previous experiments, Lombard (61, using guinea pig subjects, ob- 
served that hyperflexion at the atlanto-occipital joint while the head was 
restrained by a two-point suspension during -G 

percentage of fatalities presumably due to cerebrospi.:~~ !.I xks 
be due to a distortional mode, but no anatonlcal evidence was obtained at 
necropsy. Likewise, Lombard, in the same experiments, observed the fatal 
effects of the dilitational mode incurred by rebound of the head against 
a hard head rest when using a loose or no head restraint. 
cerebral injury with hemorrhage was observed at necropsy. 
pointed out that without the presence of signs of local trauma or hematoma 
formation, subdural or subarachnoid hemorrhage of moderate degrees m q  
produce cerebral damage, 
momentum of the head during acceleration. During acceleration, a sudden 
rise in intracranial pressure could occur, creating a pressure gradient 
through the region of the brain stem and the cerebellum toward the foramen 
magnum (371 ,  producing a shearing stress, Damage may be incurred to nerve 

cells and may not be detected even microscopically until after degeneration, 
in case the subject survives long enough, 
cats as subjects. 

impact caused A high 
X 

This could 

In this instance, 
Denny-Brown ( 3 4 )  

The symptoms are brought about due to a change in 

T h i s  vas shown by Friede (38)  using 
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5.3 MATI-EMATICAL MODEL APPLICATIONS TO HUMANS 

H i s t o r i c a l l y ,  mathematical model a p p l i c a t i o n s  to  humans have been devoted 

t o  t h e  arterial system. 

d i s t r i b u t e d  system and ex tens ive  s t u d i e s  have been performed on p u l s e  wave 

t ransmission,  non- l inear  effects,  r e f l e c t e d  waves, etc. A m a j o r i t y  of t h e  

personnel a s soc ia t ed  wi th  aerospace programs, however, are i n t e r e s t e d  i n  less 

r e f ined  information d i r e c t l y  a p p l i c a b l e  i n  t h e  eva lua t ion  of a l t e r a t i o n s  i n  

pa thologica l  and phys io log ica l  responses  fo l lowing  known inpu t  fo rc ings .  

p a r t i c u l a r  i n t e r e s t  is  t h e  information r e l a t i n g  dynamic v a r i a b l e s  such as 

pressure-f low c h e r a c t e r i s t i c s  i n  major blood v e s s s i s ,  c a r d i a c  rate, s t r o k e  

volume, t i m e  dura t ion  r equ i r ed  f o r  recovery t o  s teady  state v a l u e s  fo l lowing  

a known t r a r s i e n t  d i s tu rbance  atc. 

The arterial  system has  been r ep resep ted  by a 

O f  

The q u a n t i t a t i v e  a p p l i c a b i l i t y  of t h e  modified van d e r  P o l  equat ion  [8] 

(Paragraph 4.1) n e c e s s i t a t e s  eva lua t ion  of t h e  "average s t eady  state" v a l u e s  

of t h e  system v a r i a b l e s  m: .A2, #, k and f. The q u a n t i t y  h2 is p ropor t iona l  

t o  t h e  energy a v a i l a b l e  t o  t h e  h e a r t  muscles and i s  ob ta inab le  from t h e  s t r o k e  

volunie and p res su re  and v e l o c i t y  p r o f i l e s  i n  t h e  ao r t a .  

and f represent ing  t h e  dynamic and static f r i c t i o n  c o e f f i c i e n t s  can be 

determined approximately from p res su re  changes i n  t h e  r e s i s t a n c e  beds. 

quan t i ty  k represent ing  t h e  lumped e l a s t i c i t y  of t h e  system is d e r i v a b l e  

from t h e  ca rd iac  rate and mass of t h e  blood. I n  t h i s  con tex t ,  Malindzak 

and Stacy (14)  have determined t h e  fo l lowing  va lues  of lumped mass (MI, 

lumped v i s c o s i t y  (VI and lumped s t i f f n e s s  (SI f o r  equat ion[18]  

The q u a n t i t i e s  &" 

The 

-4  - 2  

- 3  
M = 7.13 x 10 sec 

V =  9.09 x sec 

S = 0.87 

These cons t an t s  were determined from human d a t a  at  t h e  Mayo C l i n i c  and they  

represent  average va lues  f o r  t h e  normal human ar ter ia l  system. 

Determination of t h e  s teady  state va lues  m,  h2, 2,  k and f both 

humans and l a r g e r  animals w i l l  f u r n i s h  t h e i r  f ixed  l i m i t  c y c l e  r e p r e s e n t a t i o n s  

under normal condi t ions .  Experimental  s t u d i e s  and a n a l y t i c a l  c o r r e l a t i o n  of 

pressure-f low changes i n  l a r g e r  animals fo l lowing  impact w i l l  p rovide  t h e  

a l t e r e d  r ep resen ta t ion  of t h e  phase p lane  t r a j e c t o r y  ( c h a r a c t e r i z i n g  t h e  

t i m e  dependent and d i r e c t i o n a l  element of blood motion) f o r  given va lues  of 
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t h e  f o r c i n g  f u n c t i o n  v a r i a b l e s ,  

o ry  r e t u r n s  t o  t h e  l i m i t  cyc l e  o s c i l l a t o r  because of t h e  i n h e r e n t  s t a b i l i t y  

of t he  mechanical o s c i l l a t o r .  Consequently, t h e  o s c i l l a t o r  can be used t o  

e s t a b l i s h  impact l i m i t s  f o r  r e v e r s i b l e  i n j u r y .  The r e p r e s e n t a t i o n  of t he  

phase p l ane  t r a j e c t o r y  f o r  l a r g e r  animals  can be t r a n s f e r r e d  t o  t h e  co r re s -  

ponding phase p lane  r e p r e s e n t a t i o n  f o r  man by s c a l i n g  p r i n c i p l e s  t o  y i e l d  

t h e  t r a n s i e n t  response and du ra t ion  of t h i s  t r a n s i e n t  response f o r  man. 

Unless  i n j u r y  occurs  t h e  d i sp laced  t r a j e c t -  

The r e l a x a t i o n  o s c i l l a t o r  car, also be used to q u a l i t a t i v e l y  p r e d i c t  

p e r i p h e r a l  c i r c u l a t o r y  f a i l u r e  o r  shock fo l lowing  impact. I n  t h i s  connect ion,  

Harr i son  (39 )  remarks t h a t  p e r i p h e r a l  f a i lu re  r e s u l t s  from 8 d e c l i n e  i n  

inf low load which subsequent ly  leads t o  a decrease  i n  c a r d i a c  ou tpu t  and 

inadequacy of t h e  blood f low t o  t h e  t i s s u e s .  The compensatory mechanisms 

a t tempt  t o  keep t h e  blood f low cons tan t  through c e r t a i n  organs,  o r  at l e a s t  

above a c r i t i ca l  minimum. Mathematically t h i s  cond i t ion  can be i n t e r p r e t e d  by 

by p l ac ing  c o n s t r a i n t s  on t h e  average blood v e l o c i t y  V de f ined  by equat ion  
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SECTION 6.0 

CONCLUSIONS 

As t h e  resul t  of experiments conducted us ing  young a d u l t  guinea p i g s  

and monkeys (Macaca spec iosa)  and by c o r r e l a t i n g  t h e  f i n d i n g s  wi th  d a t a  from 

o t h e r  sources  i t  has  been p o s s i b l e  t o  develop a t h e o r e t i c a l  analog of  

mechanisms of i n j u r y  t o  t h e  h e a r t  and g r e a t  v e s s e l s ,  during exposure t o  

-G The t h e o r e t i c a l  model as descr ibed  by t h e  modif ied van de r  Pol 

equat ion (Paragraph 4) and t h e  subsystem s tudy  of  a o r t i c  dynamics 

(Paragraph 4.3) fu rn i shes  good da ta  on t h e  pa thophys io logica l  responses  of 

t h e  card iovascular  sys tem sub jec t ed  t o  -G impact. Before i t  can be 

accu ra t e ly  app l i ed  t o  man, however, f u r t h e r  v e r i f i c a t i o n  wi th  l a r g e r  animal 

su r roga te s  is  necessary.  Direct " in t eg ra t ion"  o f  t h e  c e n t r a l  nervous system 

and card iovascular  system has  n o t  been at tempted,  s i n c e  their rnathematlcal 

coupl ing i s  beyond t h e  scope of  t h i s  p ro jec t .  

impact. 
2 

2 

The use  of bradycardia  as a symptom of pending i n j u r y  as t h e  I1levelt1 

i s  increased  does no t  appear  t o  be f e a s i b l e  i n  t h e  two of exposure t o  -G 

spec ie s  of s u b j e c t s  t e s t e d ,  s i n c e  it occurs  much too e a r l y  i n  t h e  guinea p i g  

and too l a t e  i n  t h e  monkey. S p e c i f i c  changes i n  t h e  ECG i n d i c a t i v e  of 

subendor r d i a l  damage may b e  more use fu l  bu t  w i l l  r e q u i r e  f w t h e r  i n v e s t i -  

ga t ions  . 

z 

Rupture of  the h e a r t  and g r e a t  vessels does no t  occur  as p r e d i c t e d  

during exposure t o  -G impact due t o  compensatory p r e s s u r e  i n c r e a s e  i n  t h e  

t h o r a c i c  c a v i t y  which a c t s  as a Ilclosed box" dur ing  t h e  b r i e f  i m p a c t  per iod.  

The neck v e s s e l s  may n o t  be  so protec ted .  

v e s s e l s  does occur a t  very  h igh  G l e v e l s  due t o  d i s t o r t i o n s ,  etc. 

z 

Lacera t ion  of some pulmonary 

With t h e  head p r o t e c t e d  by s o f t  c l o t h  o r  f a b r i c  r e s t r a i n t  l a t e r a l l y  

only and a padded head r e s t  i n t r a c r a n i a l  i n j u r y  was l i m i t e d  t o  minor 

hemorrhage i n  t h e  meninges a t  t h e  h ighes t  v e l o c i t y  changes and G l e v e l s .  

The s u b j e c t s  a t  l e v e l s  of 300 G w i t h d v  of  60 f t / s e c  ( v e l o c i t y  change) 

were dazed but  no t  unconscious. 

Suppor t - r e s t r a in t  of t h e  s u b j e c t  must cons ider  d i s t r i b u t i z a  of t h e  load 

t o  prevent ;  overload with compression of  thorax ,  f r a c t u r e  of l egs  i n  bending 
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whi le  hold ing  t h e  body i n - t e n s i o n ,  bending t h e  t o r s o  by l ack  of  l a t e r a l  

suppor t ,  i n j u r y  of head and neck by t h e  use  of  s o f t  l a t e r a l  suppor t s  on ly ,  

and c a r e f u l  s e l e c t i o n  of s t r u c t u r e s  of  s u p p o r t - r e s t r a i n t  system, I n  

a d d i t i o n ,  d i s t r i b u t i o n  o f  t h e  load  must minimize dynamic displacements .  

It i s  be l i eved  t h a t  w i th  a proper  s u p p o r t - r e s t r a i n t  system, t h e  l e v e l  

of s u r v i v a l  o f  man t o  -G exposure wi th  r ecove rab le  i n j u r i e s  should be 

approxirnately 100 G wi th  v e l o c i t y  changes up t o  60 f t l s e c ,  Tolerance  

l i m i t s  w i th  perhaps some minor i n j u r i e s  should be from 20 t o  30 G w i t h  

v e l o c i t y  changes up t o  60 f t / s e c .  Onset cuuld be a f a c t o r  t h a t  l i m i t s  

t o l e r a n c e  l e v e l  more than  s u r v i v a l  l e v e l .  S i z e  of t h e  s u b j e c t ,  a t  p r e s e n t ,  

does n o t  appear  t o  be an adve r se  f a c t o r ,  i.e., man s i z e  need n o t  be more 

z 

prone t o  i n j u r y .  

-G i m p a c t s  appears  t o  be  unfounded. 

Fear  o f  easy r u p t u r e  

Z 

The o b j e c t i v e s  of  Phases I and I1 

are very  encouraging, e s p e c i a l l y  s i n c e  

of g r e a t  v e s s e l s  and t h e  h e a r t  dur ing  

have been achieved and t h e  r e s u l t s  

r u p t u r e  of  t h e  h e a r t  and l a r g e  

v e s s e l s  does n o t  appear t o  be a f a c t o r .  The p o s s i b i l i t y  t h a t  t h e  analog 

developed could be v e r i f i e d ,  u s ing  l a r g e  an imals ,  and r e f i n e d  so t h a t  i t  

could b e  app l i ed  t o  man i s  very  good. However, s u p p o r t - r e s t r a i n t  system 

development w i l l  r e q u i r e  a concomitant e f f o r t .  
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APPENiIIX 

PATHOPHYSIOLOGlCAL RESPONSE TO -GZ IMPACTS 

The product ion  of pa thophys io logica l  ca rd iovascu la r  and c e n t r a l  nervous 

system man i fe s t a t ions  a t  lower l e v e l s  and t h e  a d d i t i o n a l  product ion  of 

ana tomica l  i n j u r y  a t  h i g h e r  l e v e l s  of exposure of experimental  an imals  t o  

-G,  impact has  r a i s e d  a cons ide rab ly  doubt as t o  t h e  s a f e t y  of human 

s u b j e c t s  dur ing  experiments t o  e s t a b l i s h  t o l e r a n c e  l e v e l s  o r  l i m i t s .  Cor- 

r e l a t i o n s  'between o b j e c t i v e  symptoms and i n j u r i e s  occur r ing  i n  animal 

s u b j e c t s  and t h e  v a r i a b l e s  of t h e  -G, impact w i l l  g i v e  greater i n s i g h t  i n t o  

t h e  problem. 

induc t ion  of "poten t ia ted"  i n j u r y  of t h e  a )  h e a r t ,  b) c e n t r a l  nervous system, 

and c )  v a s c u l a r  t o n i c i t y .  These t1potent ia ted81 i n j u r i e s  such as v e n t r i c u l a r  

t achyca rd ia ,  c e r e b r a l  concuss ion ,  and shock may o r  may not  be more f r e q u e n t  

i n  occurrence  due t o  -G, exposure than  i n  any o t h e r  o r i e n t a t i o n .  The lack  

of adequate d a t a  0 1 1  e i t h e r  animal or  human s u b j e c t s  i n  t h e  -G, o r i e n t a t i o n  

makes i t  necessary  t o  pay p a r t i c u l a r  a t t e n t i o n  t o  t h e s e  "po ten t i a t ed"  types  

of i n j u r i e s  such t h a t  s i g n s  and symptoms, i n d i c a t i v e  of p r e i n j u r y  l e v e l ,  

could be e s t a b l i s h e d  p r i o r  t o  ex tens ive  use  of human s u b j e c t s .  

a common occurrance  fo l lowing  -G, exposure t o  a c c e l e r a t i o n ,  has  been cons ider -  

ed  t o  be a p o s s i b l e  measure of pending c a r d i o v a s c u l a r - i n j u r y  such as t h e  

above. A d i scuss ion  of t h e  r e f l e x  c o n t r o l  of h e a r t  rate and a b r i e f  

l i t e r a t u r e  review of b radyca rd ia  i s ,  t h e r e f o r e ,  given. 

The areas of prime concern are t h e  p o t e n t i a l  p roduct ion  o r  

Bradycardia,  

A. 1 REFLEX CONTROL Of HEART RATE 

The p u l s a t i o n  ( b e a t )  of t h e  heart i s  a r e s u l t  of a c t i o n  p o t e n t i a l s  which 

d e p o l a r i z e  t h e  c e l l  membrane of t h e  c a r d i a c  muscles caus ing  them t o  c o n t r a c t .  

These a c t i o n  p o t e n t i a l s  are genera ted  i n  t h e  s i n o a t r i a l  (S-A) node which 

i s  s i t u a t e d  i n  t h e  r i g h t  a t r ium (Figure  A l ) .  The impulses spread  throughout 

t h e  a t r ia  t o  t h e  a t r i o v e n t r i c u l a r  (A-VI  node and are then  conducted through 

t h e  bundle of His and t h e  Purk in j e  network t o  t h e  v e n t r i c l e s .  The S-A 

node, however, i s  not t h e  on ly  area of t h e  h e a r t  capable  or' gene ra t ing  

a c t i o n  p o t e n t i a l s  s i n c e  t h i s  i s  a n  i n h e r e n t  c h a r a c t e r i s t i c  a l l  t ypes  of 

c a r d i a c  muscle. 

be fo re  they  can d i scha rge  spontaneously. 

A f t e r  t h e  muscles have depo la r i zed  they  must be r e p o l a r i z e d  

The time requ i r ed  f o r  r e p o l a r i z a t i o n  
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I 
\ 

varies wi th  t h e  d i f f e r e n t  t ypes  of c a r d i a c  muscle ( v e n t r i c u l a r  muscle, 

a t r i a l  muscle, e tc . ) .  

which has  t h e  h ighes t  i n t r i n s i c  rhythm, t o  r e g u l a t e  t h e  rhythmic d i scha rge  of 

t h e  o t h e r  areas of t h e  h e a r t .  The S-A node d i scha rges ,  d e p o l a r i z i n g  t h e  

remainder of t h e  h e a r t ,  t hen  recovers  and d i scha rges  aga in  b e f o r e  any o t h e r  

c a r d i a c  muscle can f u l l y  r e p o l a r i z e  and d i scha rge ,  

are cont inuous ly  depo la r i zed  i n  rhythm wi th  t h e  S-A node and are prevented 

from e s t a b l i s h i n g  t h e i r  own b a s i c  rhythms. 

r e f e r r e d  t o  as t h e  pacemaker. 

T h i s  s p e c i a l i z e d  p rope r ty  p e r m i t t s  t h e  S-A node, 

Thus, t h e  c a r d i a c  muscles 

For  t h i s  reason  t h e  S-A node i s  

The h e a r t  rate i s  c o n t r o l l e d  p h y s i o l o g i c a l l y  by t h e  ba lanc ing  i n f l u e n c e  

exe r t ed  on the pacemaker cells  (S-A node) by t h e  slowing effects  of d i scha rges  

along thb  parasympathetic nerves  and t h e  a c c e l e r a t i n g  effects  of d i scha rges  

along t h e  sympathetic nerves.  The a c t i o n  of t h e  sympathetic and parasympathe- 

t i c  nerves  i n  a l t e r i n g  t h e  b a s i c  rhythmic d ischarge  of t h e  pacemaker c e l l s  i s ,  

i n  a l a rge  measure, r e f  l e x  i r ,  o r i g i n ,  

To a p p r e c i a t e  t h e  b a s i c  mechanism of r e f  l ex  c o n t r o l ,  an  understanding 

of t h e  r e f l e x  arc  i s  e s s e n t i a l ,  The r e f l e x  arc c o n s i s t s  of an a f f e r e n t  

limb, a c e n t e r ,  and an  e f f e r e n t  limb, The a f f e r e n t  limb i s  composed of 

r e c e p t o r s ,  which on e x c i t a t i o n  g ive  rise t o  nerve impulses,  and neurons 

which conduct impulses t o  t h e  c e n t e r .  

matter of t h e  c e n t r a l  nervous system, c o n s i s t s  of a group of c e l l  bodies  

which t r ansmi t  impulses t o  t h e  e f f e r e n t  limb. The e f f e r e n t  limb i s  comprised 

of motor neurons which convey impulses t o  s t i m u l a t e  t h e  e f f e c t o r  o r g a n ( s ) .  

The center s i t u a t e d  i n  t h e  gray  

The c a r d i a c  r e f l e x e s  a c t  i n  a similar manner, bu t  are cons iderably  

more complex. 

body wi th  t h e  probable except ion  of t h e  s k i n  ( lbt .  The centers, loca t ed  i n  

t h e  medulla, are known a!; ,card c e n t e r s ,  The e f f e r e n t  pathwzys c o n s i s t  of 

t h e  i n h i b i t o r  ( v a g i )  and acce lera ,eor  ( sympathe t ic )  nerves  which act on t h e  

h e a r t ,  The vagus nerves are c a r d i o i n h i b i t o r y  and t h e i r  s t i m u l a t i o n  causes  

bradycard ia .  

of t h e  invo lun ta ry  nervous system, from t h e  c a r d i o i n h i b i t o r y  c e n t e r  i n  the 

inedulla t o  s p e c i a l  t i s s u e s  of t h e  h e a r t  '(S-A ,node, A - V  node, e tc ,  1, 
a c c e l e r a t o r  o r  augmentor nerves are p a r t  of t h e  sympathetic nervous system, 

The p regang l ion ic  f i b r e s  e n t e r  t h e  g a n g l i a t e d  cha in  of t h e  sympathetic 

system t o  connect w i th  cel ls  i n  t h e  i n f e r i o r ,  middle, and s u p e r i o r  c e r v i c a l  

g a n g l i a  which supply f i b r e s  t o  t h e  h e a r t ,  

*Appendix References g iven  a t  end of Appendix 

The a f f e r e n t  pathways are s i t u a t e d  i n  numerous r eg ions  of t h e  

They convey f i b r e s ,  belonging t o  t h e  parasympathetic d i v i s i o n  

The 

Change,s i n  h e a r t  rate are 
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e f f e c t e d  by an  adjustment i n  t h e  ba lance  between t h e  e f f e L t s  of t h e  two s e t s  

of nerves as shown i n  F igu re  A 2 ,  T.t b a s  been observed t h a t  i f  both vagi and 

sympathetic nerves  t o  t h e  h e a r t  are c u t ,  t h e  h e a r t  r a t e  i n c r e a s e s .  Thus it  

can be concluded t h a t  v a g a l  e f f e c t s  predominate a t  n s t .  
.* 

Probably t h e  f i r s t  i d e a  of a re f  lex r e g u l a t i o n  of t h e  ca rd iovascu la r  

system exe rc i sed  v i a  a f f e r e n t  r.erve endings s i t u a t e d  i n  t h e  h e a r t  and blood 

v e s s e l s  occur red  t o  Cyon and Ludwig ( 2 )  w i th  t h e  d iscovery  of t h e  dep res so r  

nerve (F igu re  A3). They found t h a t  s t i m u l a t i o n  of t h e  cent ra !  end of t h e  

nerve produced marked bradycard ia  i n  a r a b b i t .  P a i n t a l  ( 3 )  has confirmed t h e  

work of Cyon and Ludwig r e c e n t l y .  

c a r d i a  can be  abo l i shed  by the use of a t r o p i n e .  

It has  been shown t h a t  t h i s  r e f l e x  brady- 

It was provn,d Ly Koster  and Tschermak (21,with degenera t ion  exp@.riments, 

t h a t  t h e  p r i n c i p a l  s i t e  of o r i g i n  of t h e  a o r t i c  nerve (one of t h e  a f f e r e n t  

pa ths  t o  t h e  c a r d i o i n h i b i t o r y  center) was from t h e  a r c h  of t h e  a o r t a  (F igure  

3 )  and t h e  r o o t s  of t h e  g r e a t  v e s s e l s ,  

! s r s : e n t i a l s  could be  gene ra t ed  i n  t h e  nerve by d i s t e n d i n g  t h e  i s o l a t e d  a o r t a  

wLth s a l i n e  ( 2 ) .  

i s o l a t e d  innerva ted  segment of t h e  a o r t i c  a r c h  ( 2 ) .  

have a l s o  been repcarted by Daly ( 2 )  and Su t ton  ( 2 ) .  Heymans and Ladon ( 2 )  

conducted some c l a s s i c a l  experiments w i th  t h e  es tab l i shment  of c ros s -  

c i r c u l a t i o n  i n  dogs. 

c i p i e n t  dog, whose head was campletely sepa ra t ed  frmn i t s  t runk  (maintai1;ed 

p rope r ly  f o r  r e s p i r a t i o n  and c i r c u l a t i o n )  except  f t r  t h e  vag i  nerves.  

rise i n  p re s su re  i n  t h e  t runk  of t h e  r e c i p i e n t  dog produced brcdycard ia  

i n  t h e  r e c i p i e n t  dog. Following s e c t i o n  of t h e  'vagi, however;no brady- 

c a r d i a  was found concomitact wi th  a r ise i n  p re s su re  i n  t h e  t runk  of t h e  

r e c i p i e n t  dog. 

o r i g i n  wi th  both a f f e r e n t  and e f f e r e n t  f i t imulation beirrg c a r r i e d  i n  t h e  v a g i ,  

They demonstrated t h a t  a c t i o n  

Bradycardia i n  an imals  could be  caused by d i s t e n d i n g  an  

S i m i l a r  r e f l e x  responses  

They used a donor dog t o  pe r fuse  t h e  head of a rc-, 

A 

T h i s  i n d i c a t e d  t h a t  t h e  bradycard ia  response was r e f l e x  i n  

Nakayama (2) has  shown t h a t  a rise i n  p r e s s u r e  i n  t h e  r i g h t  subc lav ian  

T h i s  f i n d i n g s  was cor robora ted  ir! area Jf dogs induced r e f  l e x  bradycard ia .  

cats by Neil ( 2 ) .  

blood p res su re  i n  t h e  per fused  ca ro t ido -cepha l i c  c i r c u l a t i o n  (21 ,  i t  was 

l e f t  t o  Hering ( 2 )  t o  make t h e  d iscovery  t h a t  t h i s  was re f l exogen ic  i n  

o r i g i n ,  He fouild t h a t  l i g h t  p re s su re  on one of t h e  c a r o t i d  arteries evoked 

A1t::augh bradycard ia  could be  induced by r a i s i n g  t h e  
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marked slowing of t h e  h e a r t .  

l e v e l  of blood p res su re  was not  t h e  s o l e  cause of s t i m Q l a t i o n  of t h e  baro- 

r ecep to r s .  

not on ly  t o  p re s su res  a t  t h e  s teady  state bu t  a l s o  t o  t h e  rate of rise of 

p re s su re  wi th  h igher  p r e s s u r e s  demanding inc reased  f r equenc ie s  of d i scharge  

( 2 ) .  
muscle s p i n d l e s  i n  t h a t  t h e  frequency of d i scha rge  ( impulses)  i s  d i r e c t l y  

in f luenced  by t h e  rate of rise of t ens ion  or  s t r e t c h  (stress o r  s t r a i n  rates). 

Bronk and S t e l l a  ( 4 )  observed t h a t  t h e  mean 

D i f f e r e n t  ba ro recep to r s  were found t o  have d i f f e r e n t  t h re sho lds ,  

I n  t h i s  r e s p e c t  t h e  s i n u s  r e c e p t o r s  are similar i n  behavior  t o  

I n  experiments designed by MacLeod and S c o t t  (5 )  t o  determine t h e  

e f f e r e n t  pathways through which bradycard ia  could be evoked, it was observed 

i n  cats t h a t  d i v i s i o n  of t h e  c e r v i c a l  vagosympathetic nerves  reduced, bu t  d i d  

not always a b o l i s h  slowing of t h e  h e a r t  i n  response t o  s t i m u l a t i o n  of c a r o t i d  

bodies .  Therefore ,  they  concluded t h a t  bradycard ia  occur r ing  dur ing  c a r o t i d  

body e x c i t a t i o n  i s  due both  t o  a n  i n c r e a s e  i n  vaga l  tone  and t o  a decrease  

i n  sympathet ic  tone.  

by o t h e r  workers i n  prev ious  experiments conducted on dogs (6, 7 ) .  

T h i s  f i n d i n g  i s  i n  agreement wi th  t h e  r e s u l t s  ob ta ined  

I n  man, dramat ic  r e f l e x  cardiovascu1a.r e f f e c t s  have been observed as 

a r e s u l t  of unavoidable t r a c t i o n  and manipulat ion of v e s s e l s  and nerve 

t runks  dur ing  neck surgery.  

vagus nerve have e l imina ted  such undes i r ab le  responses  (8). 

Local anes thek ic  block of t h e  a f f e r e n t  f i b r e s  of 

The effects of d i r e c t  e lectr ical  s t i m u l a t i o n  of t h e  c a r o t i d  s i n u s  nerve 

i n  man by C a r l s t e n  ( 9 )  produced a r e f l e x  bradycard ia ,  a decrease  i n  t h e  p u l s e  

ampli tude and decrease  i n  both  s y s t o l i c  Pnd d i a s t o l i c  p re s su res .  

a concomitant marked f a l l  i n  t h e  r e s i s t a n c e  t o  blood f low w i t h i n  t h e  forearm 

v a s c u l a r  bed. 

There was 

The even t s  are i l l u s t r a t e d  i n  F igu re  A4.  

A l l  t h e  l i t e r a t u r e  c i t e d  above i s  devoted t o  t h e  mechanisms of r e f l e x  

a c t i o n  under s teady  state. 

respr?n;es are expected t o  f u n c t i o n  under cond i t ions  of a c c e l e r a t i v e  stress. 

Jongbloed and Ncyons (10) demonstrated seve re  bradycard ia  i n  r a b b i t s  on a 

small t u r n t a b l e  at about  -2.5 G,. They denervated t h e  c a r o t i d  s i n u s  area 

and showed t h a t  t h i s  bradycard ia  was due t o  c a r o t i d  s i n u s  r e f l e x  s t i m u l a t i o n  

of t h e  vagus depressor  nerves .  

cardi .ovascular  p re s so r  re f ' l ex  mechanism i n  g o a t s ,  monkeys, and dogs and 

S imi l a r  mechanisms governing phys io log ica l  

Rosenfeld and Lombard ( 11) s t u d i e d  t h e  
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compared t h e  e f f e c t  of exposure t o  -5 G Z  on t h e  c e n t r i f u g e  t o  t h a t  of man 

exposed t o  - 3  G,. The animals  were exposed both vagotomized and nonvago- 

tomized. 

reduced da ta  is shown i n  Tables  A I ,  A I 1  and A I I I .  These r eco rds  i n d i c a t e  

t h a t  t h e  response of t h e  ca rd iovascu la r  p r e s s o r  r e f l e x  i n  t h e  t h r e e  an imals  

The o s c i l l o g r a p h  r eco rds  are shown i n  F igures  A 5  t h r u  A 1 0  and t h e  

t e s t e d  i s  similar t o  t h a t  of man. The dog and monkey ( r h e s u s )  are most 

similar s i n c e  t h e  c o n t r o l  of t h e  a r te r ia l  p r e s s u r e  was least e f f e c t i v e  

i n  t h e  goat .  

was e s s e n t i a l l y  abol i shed  dur ing  t h e  -G 

i n  t h e  dog dropped t o  a lowered l e v e l  i n d i c a t i v e  of poor venous r e t u r n  o r  

hypovolemia. 

t h e s e  d i f f e r e n c e s .  

A f t e r  b i l a t e r a l  vagotomy of t h e  t h r e e  animals  t h e  bradycard ia  

exposures ,  -but t h e  arterial p res su re  
Z 

Ind iv idua l  v a r i a t i o n s  and techniques  may account  f o r  some of 

A c a r o t i d  s i n u s  r e f l e x  bradycard ia  of less than  30 seconds du ra t ion  

r e s u l t s  from headward force v e c t o r s  of whole body s i n g l e  impact exceeding 

15 G magnitude, which probably t r i g g e r s  t h e  c a r o t i d  s i n u s  by a n  ab rup t  

rise i n  hydrau l i c  p re s su ra  (12).  

The bradycard ia  response i s  not  l i m i t e d  t o  -G exposures since i t  h a s  
Z 

a l s o  been demonstrated i n  +Gx impacts. 

humans fo l lowing  exposure t o  +15 Gx impacts.  

i n  impact exposures  i n  t h e  -Gx o r i e n t a t i o n  up t o  18 G (1500 Kg) wi th  t o t a l  

t i m e  of impact around 0.1 sec., and us ing  a wide abdominal b e l t  (40 c m  - 
16 i n )  r e p o r t s  no i n j u r i e s  to  organs o r  t i s s u e s .  However, above 12 G t h e  

impacts were "sub jec t i -ve ly  ut.p leasant"  and produced a r educ t ion  i n  h e a r t  

rate i n d i c a t i n g  increased  vaga l  a c t i v i t y .  

t u r e s  of t h e  impacts revea led  t h a t  t h e  t o r s o  r o t a t e d  forward about  t h e  

abdominal b e l t .  

Rhein (13) found bradycard ia  i n  

Ruf f  (14)  u s i n g  human s u b j e c t s  

An examination of slow motion p i c -  

Th i s  i n d i c a t e s  a -Gz t e rmina l  o r i e n t a t i o n  of t h e  to r so .  

Slowing of t h e  h e a r t  rate i n  man as a r e s u l t  of a c c e l e r a t i v e  f o r c e s  

has  been r epor t ed  by Brown and h i s  co l l eagues  (15) i n  a r e c e n t  s tudy.  

S i m i l a r  r e p o r t s  have been publ ished by o t h e r  i n v e s t i g a t o r s  (16 and 17).  

A.2. SHOCK 

C l i n i c a l  shock fo l lowing  impact i s  perhaps t h e  b e s t  known patho- 

phys io log ica l  response b e s i d e s  ba ro recep to r  r e f l e x  mechanism and trauma. 

The shock can and o f t e n  does occur  wi thout  any s t r u c t u r a l  f a i l u r e  and i s  
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FIGURE A5 - OSCILLOGRAPHIC RECORDINGS OF CAROTID AND JUGULAR PRESSURE 
OBTAINED DURING EXPOSURE OF A GOAT TO -GZ. C A P I T A L  LETTERS 
ARE EXPLAINED I N  T A B U  I. 

ARTERIAL PRESSURE 

OUS PRESSURE 1 

FIGURE A6 - OSCILLOGRAPHIC RECORDINGS O F  CAROTID AND JUGULAR PRESSURE 
OBTAINED DURING EXPOSURE TO -5Gz AFTER THE GOAT OF F I G U R E  5 
WAS BILATERALLY VAGOTOMIZED. 
I N  TABLE 11. 

C A P I T A L  I J ITTERS ARE EX1LAINED 
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FIGURE A 7  - OSCILWGRAPHIC RECORDINGS OF CAROTID AND JUGUJAR PRESSURE 
OBTAINED DURING EXPOSURE OF A DOG TG -5Gz, 

r250 

FIGURE A8 - OSCILLOGRAPHIC RECORDINGS OF CAROTID AND JUGULAR PRESSURE 
OBTAINED DURING EXPOSURE TO -5GZ AFTER THE DOG OF FZGURE 7 
WAS BILATERALLY VAGOTOMIZED. 
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ARTERIAL PRESSURE / 

F I G U R E  A 9  - O S C I L M G R A P H I C  RECORDINGS O F  CAROTID AND JUGULAR PRESSURE 
OBTAINED DURING EXPOSURE O F  A RHESUS MONKEY T O  -5GZ. 

A ARTERIAL PRESSURE 

F I G U R E  A 1 0  - OSCILLOGRAPHIC RECORDINGS OF CAROTID AND JUGULAR PRESSURE 
OBTAINED DURING EXPOSURE T O  -5G, AFTER THE MONKEY O F  
F I G U R E  9 WAS BILATERALLY VAGOTOMIZED. 
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wholly accompanied by t ransient  bradycard ia .  According t o  Harr i son  ( l a ) ,  

t h e  c l i n i c a l  s i g n s  and syaptoms of shock ( p e r i p h e r a l  type  of forwcord 

f a i l u r e  o r  primary dec rease  of c a r d i a c  inf low load)  may va ry  wi th  the severity 

and accuteness  of t h e  cond i t ion ,  When forward f a i l u r e  i s  predominant, a 

r educ t ion  i n  pu l se  p r e s s u r e  i s  one of t h e  ea r l i e r  s igns .  He f u r t h e r  remarks 

t h a t  i n i t i a l l y  t h e  decrease  i n  pu l se  p r e s s u r e  and t h e  accompanying f a i n t n e s s  

may be observed only  17 t h e  s t and ing  and sea t ed  p o s i t i o n s .  Conc ' , e r ing  t h e s e  

o b s e r v a t i o n s ,  t h e  shock noted by Stapp  (19) and Lombard (20) i n  animals 

exposed t o  -G 

have been t h e  result of reflexes wi th  primary loss of v a s c u l a r  Lone and 

inadequate  venous r e t u r n .  

t h i s  primary shock may be  more than  t h e  a f f e r e n t  vasopressor  s t imu la t ion  o f  

t h e  vagus and glossopharyngeal nerves ,  Lombard (20) found t h a t  aiiimale 

allowed t o  remain t q r i g h t  a f t e r  a -Gx impact had symptoms of inadequate 

c i r c u l a t i o n  and expi red  i n  5 t o  13 minutes. If t h e  animals were immediately 

pronated z f t e r  exposure symptoms of inadequate c i r c u l a t i o n  d isappeared  and 

t h e  animals would recover  i n  about 10 minutes. Thus, one can s e r i m i s l y  

ques t ion  any s u p p o r t - r e s t r a i n t  system which a f t e r  escaps  impact (parachute  

or windb las t )  o r  landing impact does not  p r o t e c t  a g a i n s t  t h e  seccsndary 

e f f e c t s  cf primary shock. T h i s  means t h a t  t h e  long a x i s  of t h e  body must be 

a t  r i g h t  a n g l e s  Eo t h e  g r a v i t y  v e c t o r  t o  r e s t o r e  c i r c u l a t i o n  a f t e r  i n p a c t ,  

and a l s o  -Gx o r i e n t a c i o n s  i n  t h e  absence of hemorrhage twist 
2 

The r e f l e x  mechanism involved i n  t h e  production of 

A 3 .  CEREBRAL C@NCVSSION 

The l o s s  of c0:lsciousness due t o  impact of t h e  head i s  c a l i e d  con- 

cuss ion  and must bc considered. Denny-Brown (21)  e x t e n s i v e l y  s t u d l x !  cere- 

b r a l  concussion us ing  cats, dogs and monk2ys as experimental  s u b j e c t s  and 

concluded t h a t  h i s  s u b j e c t s  show f e a t u r e s  of c e r e b r a l  ccncucsion d i r e c t l y  

comparable wi th  cereb'rl .  concussion as observed c l i n i c a l l y  i n  man. 

a t i o n  concussion wac ;J'-'....:~ed i n  t h e  monkey and t h e  cat when t h e  head was 

s t r u c k  by a heavy mass .ri:t: t h e  v e l o c i t y  of approximately 28 f t / s e c ,  One 

of h i s  numerous conclus ions  of p a r t i c u l a r  i n t e r e s t  is 

o f t e n  stimulate t h e  vago-glossopharyngea' system, and i n  this way r e s u l t  in 

depres s ion  of c a r d i a c ,  vasomotor and r e s p i r a t o r y  f u n c t i o n  for ten t o  t h i r y  

seconds,  occas iona l ly  lcnger ,  

b low ' in  boxing," He a t t r i b u t e s  lack of recovery from t h e  e f f e c t  on vago- 

glossopharyngeal mechanism i n  inducing  primary shock as t h e  main cawe of 

of f a i l u r e  of blood p r e s s u r e  leading t o  d e a t h  from a c c e l e r a t i o n  concu::,sion. 

Acceler- 

"Subthreshold blows 

1 
T h i s  i s  a po5s ib l e  exp lana t ion  f o r  thP knockout 
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A,4. SUMMARY 
Tht exact mode of a c t i o n  f o r  t h e  product ion  of t h e  bradycard ia  due 

t o  4, impact lacks  conclus ive  proof .  

conducted and ttr. . r *a tu re  reviewed i t  i s  be l ieved  t o  be due t o  a com- 

b i n a t i o n  of a f f e r R i : i :  s t i m u l i  r e f l e x l y  . . .pressing t h e  h e a r t  (rate 1 through 

t h e  e f f e r e n t  pathways, t h e  vagi's nerves.  

t h e  blood v e s s e l s  ( e spec ia l ly  i n  t h e  c a r o t i d s )  and t h e  mechanical d i s t o r t i o n s  

of t h e  body t i s s u e s  ( v i s c e r a i  dur ing  t h e  -G impact could g i v e  rise to t h e  

a f f e r e n t  s t imulus.  

t o  o t h e r  se r io i l s  r e f l e x  complicat ions such as c e r e b r a l  concussion and shock 

wi th  mor t a l i t y .  

However, from t h e  experiments  

Both t h e  e l e v a t e d  p res su res  i n  

z 
I n  a d d i t i m  co bradycard ia ,  -G,  impact exposures  may lead 
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